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With all the publicity. which is being given at the present time to the more spectacular 
engineering developments and, to an almost equal extent, to the metallurgical research 
associated with such developments, I think it is necessary, from time to time, to take stock 
of the present position and try to find out both where we stand at the present time and 
what should be done for the future. 

As steel is the material most widely used in engineering, The Iron and Steel Institute 
appears, on account of both its name and its reputation, to be an organization within 
which such a survey might be appropriate, and what better occasion could present itself 
than a Presidential Address, when, by tradition, the new President has the privilege of 
expressing his views without being called upon to defend them during subsequent dis- 
cussion ? Bearing in mind, then, both the privileges and the responsibilities of this 
occasion, I shall endeavour, during the time available, to discuss some present-day problems 
and trends and to indicate what seems likely to be required in methods, plant, and ex- 
tended knowledge if the steel manufacturer is to meet the needs of engineering in the 
immediate future. 


less than demand. Engineers require, however, in 
addition to increased quantity, better quality and 


IT IS WELL KNOWN that the steel output of Great 
Britain has grown greatly during the last few years, 





but it is apt to be overlooked that, in the same period, 
alloy-steel manufacture has risen from 782,000 tons 
in 1949 to 1,218,000 tons in 1955—an increase not 
only in tonnage but also in the ratio of alloy to other 
qualities, the figures being 5-03°, in 1949 and 6-15°% 
in 1955. Accurate figures for the alloy-steel forgings 
are not available for the whole of this period, but in 
1954 the output, excluding drop forgings, was 62,400 
tons, which rose to nearly 68,000 tons in 1955, whilst 
present output is at the rate of 83,000 tons. The 
figures for total alloy-steel production are for crude 
steel but those for forgings correspond to forged weight, 
not ingot weight. 

This expanded production of alloy steels and alloy- 
steel products has taxed the country’s resources very 
heavily indeed, and we are told that the supply is still 
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properties in almost all their materials and com- 
ponents, with a result that manufacturing procedures 
have become more complicated and testing methods 
more numerous and exacting. Due in the first place 
largely to the efforts of aircraft engineers to * up- 
grade’ the standard of their steels and steel com- 
ponents, what might almost be termed a * fashion 
wave ’ has spread through the industries using steel 
to specify requirements which previously were either 
regarded as inessential, or left to the discretion and 
good judgment of their particular suppliers. Perhaps 
such a situation is the inevitable accompaniment of the 
increase in ‘ production-line’® engineering, but it 
should be remembered that changes which may, and 
do, simplify the problems of the steel user often com- 
plicate those of the supplier. Were it not for the 
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well-known fact that metallurgists are amongst the 
most adaptable and long-suffering of men, I should 
feel inclined here to introduce a special plea on their 
behalf ; on the one hand, they are pressed by the 
steel user to ensure that all materials are up to some 
new high standard, whilst on the other hand, their 
own colleagues demand relaxation in procedure and 
testing requirements to enable output targets and 
delivery promises to be met. 

It is not possible, in this address, to deal with more 
than a few branches of engineering which rely upon 
the steel manufacturer for their most vital products 
and component parts of such products. Though all 
have their special metallurgical problems, some of 
those arising in shipbuilding, power generation, and 
aeronautical engineering have been selected as worthy 
of special consideration because they illustrate 
widely different requirements in materials, methods 
of manufacture, and testing procedure. 


SHIPBUILDING 


In shipbuilding, probably the most serious problems 
have arisen through the almost universal change from 
riveted to welded construction of the hull. This 
change has raised some difficulties which were not 
visualized by those responsible for its introduction. 
In welded construction, the numerous interruptions 
to the spread of a crack which are characteristic of a 
riveted ship are eliminated, and hence cracks may 
spread in what is known as a ‘brittle manner’ 
through the whole depth of a ships’ hull consisting of 
a number of separate plates welded together, even 
though the steel used in the construction is no different 
in composition and properties from that used success- 
fully with a riveted construction. 

The terms ‘brittle fracture’ and ‘ catastrophic 
failure,’ now so widely used in engineering circles and 
also in the press, have spread largely as a result of the 
failures of welded ships. 

In order to safeguard against such failures, special 
requirements are being introduced in material speci- 
fications, in the form of tests to determine the notch 
toughness or, as it is termed in some quarters, the 
‘notch ductility ’ of the steel in the form of plate. 
The devising of such a test is, however, more compli- 
cated than it might appear at first sight, since there 
is much difference of opinion concerning the most 
reliable form of test and also on the level of test values 
to be laid down as minima. Still further complica- 
tion is introduced by the comparatively new know- 
ledge that the notch toughness of a material depends, 
to a large extent, upon the temperature of testing, 
and hence not only the properties at normal tempera- 
tures are taken into consideration but also those at 
some lower temperature which, in some cases, may be 
approached under service conditions, but in others are 
intended to simulate the behaviour of the material 
under conditions of very rapid loading and/or severe 
stress concentration at normal temperatures. 

If agreement can be reached as to the most reliable 
test to be used for this purpose, no metallurgist can 
object to such a criterion being applied to ship’s 
plates, where brittle failure may result in a major 
disaster. On the other hand, the makers of ship’s 
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plates have been presented, comparatively suddenly, 
with a first-class problem involving possible radical 
changes in steelmaking and in the plant required after 
the plates have been rolled. The plates employed in 
the construction of riveted ships were commonly made 
from rimming or balanced steel, without any speci- 
fication requirements, other than certain tensile tests. 
To meet the new needs of welded construction, killed 
steel, having a composition which is almost within the 
* special and alloy steel ’ category, and with controlled 
grain size, is likely to be a necessity and the possibility 
of heat-treatment, never applied to plates for the 
older type of construction, is looming nearer and 
nearer. All these changes involve increased manu- 
facturing time and cost to an extent which does not 
seem to be fully appreciated. Much remains to be 
done before this problem is solved, and the designer 
and the welding engineer have a responsibility at 
least as great as that of the plate maker. 


POWER GENERATION 


Very different problems arise in the case of some of 


the component parts of modern generating stations, 
where the rotors for both the low-pressure turbine 
and the alternator are of very large ruling section. 
Such large components are invariably made as forg- 
ings, and, to an increasing extent, in various alloy 
steels such as nickel, nickel-chromium—molybdenum, 
and chromium—molybdenum, finally heated to tensile 
strengths roughly between 40 and 60 tons/in® accord- 
ing to size and service conditions. 

The mere size of these alloy-steel forgings intro- 
duces difficulties far beyond anything which is 
encountered in other branches of steel manufacture 
where the products are relatively small. Sound 
ingots, careful reheating and forging, and prolonged 
heat-treatment after forging are essential to success. 

In the first place, the large ingots required contain 
comparatively heavy segregation, which cannot be 
prevented by any process at present known. Since 
such segregates are less ductile—though not necess- 
arily lower in tensile strength—than the surrounding 
mass, they may constitute weaker zones in the forging 
and must be taken into account both in designing the 
forging for a particular service and in calculating its 
strength. There still exist many specifications con- 
taining such requirements as “the steel shall be 
absolutely homogeneous ”’ which are quite meaning- 
less, since every metallurgist knows that such a 
condition is quite unrealizable at present. 

Assuming that the ingots are as sound as can be 
made by present methods, extreme care is necessary in 
reheating and forging, and perhaps still more in heat- 
treatment, to ensure a finished product acceptable to 
the user. As the stresses set up in service are such 
that bursting may occur, internal defects, causing 
local stress concentrations, must be avoided. On 
account of both composition and size, such forgings 
are highly susceptible to hairline cracks, and the pre- 
vention of these defects, often coincident with lines of 
segregate, is far from easy. The heat-treatment 
eycles which follow immediately after the forging 
operation, and which are designed to obviate such 
defects, often extend over hundreds of hours. 
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Fig. 1—55-in. dia. rotor in 3% Cr—Mo steel 


At one time, no means existed of disclosing such 
defects in the interior of large forgings. Methods 
such as the removal, by trepanning, of radial cores 
which were subsequently tested for defects were 























employed for some time, especially abroad, but they 
were not entirely reliable as evidence of soundness 
of the whole forging. They were also apt to weaken 
the forging through introducing ‘artificial’ dis- 
continuities in the form of the radial bore holes. With 
the introduction of the ultrasonic test, a new method 
of revealing internal defects became possible and 
should prove more and more valuable as both instru- 
ment and technique develop. At present, the inter- 
pretation of the indications of the test require great 
skill and experience, in order to distinguish between 
actual defects and segregation and structural differ- 
ences. Figure | shows a rotor of 55 in. diameter made 
from 3% chromium—molybdenum steel. 

No account of the requirements of generating 
stations would be complete without reference to large 
hollow forgings for boiler drums. So far, compara- 
tively few such drums have been made from alloy 
steel, but with the possible demand for drums of 
lighter weight, such a need may increase. 

Some of the difficulties associated with rotor 
forgings also apply to the manufacture of boiler drums, 
and especially large ingot size, annealing of the ingot 
before trepanning, and the reheating of the trepanned 
piece, which is very liable to clink. Forgings of this 
type have involved the casting of the largest ingots 
made in Great Britain. Figure 2 shows such a forging 
in its finished form. 


AERONAUTICAL ENGINEERING 

The third example selected is the field of aero- 
nautical engineering, which is continually presenting 
new problems owing to the increased speeds and all- 
round performance required from modern aircraft. 
Since light weight is an essential in aircraft design, 
steels of higher and higher tensile strength are being 
sought, in many cases as substitutes for light alloys. 
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Fig. 2—Boiler-drum forging : 43 ft long, 763 in. outside dia., 66 in. bore dia. 
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Alloy steels capable of developing very high tensile 
strength after suitable heat-treatment have been 
known for some years, but how to increase the fatigue 
strength of such steels in proportion to their static 
strength presents one of the greatest difficulties in the 
field of metallurgy. This difficulty has been well 
brought out in the report by P. H. Frith of Bristol 
Aeroplane Company, entitled ‘“ Fatigue Tests on 
Rolled Alloy Steels.”* Important features empha- 
sized in this report are that, in general, the fatigue 
strengths of steel of over 100 tons/in? tensile strength 
are little, if any, higher than those of 85 tons/ 
in® tensile strength and that, contrary to the ideas 
generally held at the time when the investigations 
were started, the ‘ cleanest ’ steels are not necessarily 
the best in fatigue tests ; in fact, they are not so good 
as open-hearth steels which, judged by accepted 
standards of cleanness, are substantially inferior. 
Frith concludes that the important difference between 
open-hearth and basic steels is in the type of non- 
metallic inclusions, those in the former being pre- 
dominantly sulphides and those in the latter silicates, 
which, if of the ‘ non-deforming’ kind, cause local 
stress concentrations which lead to fatigue when the 
tensile strength of the steel is above a certain level. 
Special emphasis is placed, however, upon this latter 
condition, as no detrimental effect of silicate inclusions 
was revealed in steels up to a tensile strength of 60 
tons/in® and little, if any, up to 85 tons/in?. No 
support was given to the prevailing theory that in- 
clusions were a general cause of fatigue failures of 
engineering components. 

Another view which was widely held—and is still 
held by a number of people, in spite of evidence to the 
contrary—was that the notched bar impact of a 
particular material bore some relationship to its life 
under conditions likely to cause failure. All the 
evidence derived from tests, however, indicates that 
no such relationship exists : indeed, it appears that 
neither the stresses required to cause initiation of a 
fatigue crack, nor the rate of propagation of such a 
crack once formed, bears any relation to the impact 
test. 

Widely divergent views appear to be held by 
designers on the importance of fatigue in aircraft 
construction and, quite recently, the suggestion was 
put forward that less attention should be given to the 
‘ fatigue limit ’ and more to the shorter-time endur- 
ance properties of steels and steel components, which 
would be stressed in service above the fatigue limit. 
This might necessitate an entirely new series of 
fatigue tests, since hitherto the fatigue limit has been 
the accepted criterion. 

Before passing on to the next part of my Address, 
it might be helpful to summarize what has been said 
so far and, in doing so, to emphasize the improvements 
which are being sought in the three examples given : 





1. In ship’s plates, superior notch toughness or 
‘notch ductility ’ in order to obviate brittle failures 
in welded ships 

2. In large forgings, such as rotors, improved 
methods of ensuring internal soundness, the lack of 
which is considered to be the chief cause of failure. 
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3. In aircraft components, the attainment of very 
high tensile strength without undue sacrifice in fatigue 
resisting properties. 


FUTURE DEVELOPMENT 


In an endeavour to be strictly impartial, the first 
question to be considered is whether the steel age is 
already showing signs of passing and is destined soon 
to be replaced by the age of some other metal, such 
as the much publicized titanium, which is regarded by 
some enthusiastic metallurgists as the next on the 
list. Though I hold strong views on this subject, 
which I may ventilate some other time, they would 
take too long to discuss now and I shall assume, on 
what I hope are sufficient grounds, that steel manu- 
facture will not decline but will rather expand within 
the lifetime of anyone here present, and I shall pass 
on to make some suggestions for future progress within 
the steel manufacturing industry. 

Dealing with the processes in the order of manu- 
facture, the first is steelmaking. At once, the question 
arises whether the open-hearth process, by which the 
great bulk of the world’s output is made today, will 
remain pre-eminent in the future. The answer 
depends, I think, largely upon the type of steel to be 
made and the purpose for which it is to be used. 
Mr. Mitchell concluded, in his address in 1953,+ that, 
in basic steelmaking, the Bessemer and the open- 
hearth processes represented the most logical practice 
for charges employing pig irons having phosphorus 
contents over 1-79 and below 0-5% respectively. 
The answer may be quite different, however, for 
special and alloy steels, for which the acid open- 
hearth process is still largely used in this country, 
especially for large forgings. Though this process is 
less used abroad than in Great Britain, it is under- 
stood that there has been some reversion to acid steel 
for making forging ingots in the U.S.A. 

There are many advocates of the large-scale basic 
electric furnace as the logical substitute for acid open- 
hearth, even for large forging ingots, one of the 
strongest arguments being the possibility of refining 
in this way materials which would be unsuitable for 
the acid open-hearth process on account of high 
sulphur and phosphorus contents. On the other hand, 
contrary arguments could be advanced, such as the 
generally lower hydrogen content of acid open-hearth 
steel and the definite (though not fully explained) 
superiority of this steel in fatigue properties, in creep 
resistance at moderately high temperatures, and in 
lower susceptibility to overheating. There is con- 
siderable evidence on all these three points and, par- 
ticularly outstanding is that brought out by Professor 
Preece in his researches on overheating, which showed, 
in some cases, a difference of as much as 150° C in what 
was termed, “‘ the incipient overheating temperature ” 
of steels of similar chemical composition but made by 
the basic electric and acid open-hearth processes re- 
spectively. This confirmed the experience of many 
drop forgers and users of drop forgings, who were 
troubled with overheating, especially of aircraft com- 
ponents, during the war. On the basis of this, and 





* Iron Steel Inst., Spec. Rep. No. 50, 1954. 
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other evidence which would take too long to describe, 
I believe that the acid open-hearth process is likely to 
continue for the manufacture of many special and alloy 
steels and, particularly, large forgings. 

These arguments, so far, relate to the metallurgical 
aspects of the two processes but, from the practical 
side, there is also the problem of the power require- 
ments involved in a large-scale change from open- 
hearth to electric melting. Unless the available power 





(a) 
Fig. 4—Large cast hollow (a) as cast and stripped, 
(6) sectioned longitudinally 
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in this country can be greatly increased in the not 
distant future (perhaps through atomic-energy 
stations) it is difficult to see where the additional 
supplies would come from. 

Whatever melting process is employed, the problem 
of making satisfactory ingots will remain, and this is 
one of the stages in the manufacture of special steel 
which, in my view, requires the most attention. 
Unless the ingot is satisfactory in the first place, there 
is little hope of producing a first-class finished pro- 
duct, whether in the form of billet, bar, drop forging, 
or a forging of the largest size. Referring again to 
Mr. Mitchell’s Address he pointed out that, “ in de- 
oxidizing steel by normal practices, we do not so much 
remove oxygen left from refining or picked up from 
the furnace atmosphere, as leave it in the steel in 
another form.’ He continued by asking “‘ whether 
it was too much to expect that the vacuum process 
might yet be applied to the ladle or in the mould.” 
Since then, the Bochum vacuum-casting process has 
been announced and has created widespread interest, 
though as yet its capabilities are not fully known here. 
From published literature, it seems that steel cast by 
this process contains much less in the way of both 
gases and non-metallic impurities than steel cast in 
the normal way in air, but it is understood that 
segregation found in ingots cast in vacuo is similar to 
that with which we are familiar. It appears, there- 
fore, that we must look even further ahead than 
vacuum casting fora solution to the problem of segrega- 
tion, and all of us must be awaiting, with great 
interest, Mr. Basil Gray’s paper* on “ The Effects of 





* J. Iron Steel Inst., 1956, vol. 182, April, pp. 366-374. 
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Fig. 5—Partly finished ‘R.R.’ or ‘C.G.F.’ crankshaft in 
forging press 


Gravity in the Solidification of Steel,’’ which is to be 
presented on Thursday afternoon, in the hope of some 
new light on the subject. 

Other important factors affecting the casting of 
ingots which are receiving, and must continue to 
receive, close attention are the refractories employed 
for nozzles and runner bricks, the design and con- 
struction of feeder heads, and, last but by no means 
least, the design and construction of the largest ingot 
moulds. Those who have the responsibility of making 
large ingots—and it is a great and, at the same time, 
fascinating responsibility—must have experienced 
cases where moulds have cracked from top to bottom 
during the casting of the first ingot. This means a 
substantial loss financially but, in many cases, an even 
more serious delay in the manufacture of some forging 
or series of forgings, for which the ingot was designed. 
One must sympathize with the mould manufacturer, 
who has doubtless done his utmost to produce a first- 
class article, but results to date are disappointing and 
probably what is needed most is some entirely new 
and bold revolution in mould design, rather than 
improvement in the properties of cast iron, which has 
received so much attention hitherto. At present, 
some very large ingot moulds are being built up from 
segments and clamped together by one of several 
methods, the object being to reduce the stresses below 
those which would develop in a one-piece mould of the 
same size, but the new system is complicated, both 
in manufacture and in the method of clamping the 
segments together. Figure 3 illustrates a segmental 
mould. 

Many of the largest 
ingots made nowadays 
are intended for the 
manufacture of hollow 
forgings, such as seam- 
less boiler drums, 
chemical reaction ves- 
sels, and soon. Hither- 
to, such ingots have 
been annealed, parted, 
and trepanned to ac- 
commodate the forging 
mandrel, and ingots of 
270 tons in weight have 
been made and utilized 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


in this way in Great Britain. Obvious advantages, 
however, would result if ingots intended for such 
purposes could be cast hollow in the first place, thus 
eliminating the need for trepanning, and, in many 
cases, enabling the cast cylinder to be stripped whilst 
still hot and charged immediately into forge reheating 
furnaces. 

Some progress has been made in this direction and 
Figs. 4a and 6 illustrate a fairly large hollow piece. 
This hollow piece is approximately 65 in. across flats 
and has a body iength of 100 in. Its cast weight is 
approximately 50 tons and the diameter of the bore 
is about 20 in. 

To deal adequately with the hot working stage of 
manufacture would require much more time than is 
available, but some urgent needs include larger plant, 
in the way of presses and rolling mills, to meet the 
demand for products of larger size ; development of 
plant suitable for special shapes, such as are often 
termed ‘ closed-die ’ forgings ; and the type of forge- 
reheating furnaces designed to ensure the greatest 
uniformity in temperature in the shortest time which 
has been found to be consistent with safety. 

Taking the last point first, and purely on the basis 
of ease in obtaining accuracy and uniformity in tem- 
perature, a good case could be put forward for 
electrically-heated forge furnaces, but I doubt whether 
they will find general favour in the near future on 
account of high cost, insufficient power supplies, and 
difficulty of providing heating elements for regular 
use at temperatures of the order of 1200-1250° C. If 
some, or all, of these handicaps can be overcome, the 
electric reheating furnace may well find application 
in the forge, especially in cases where the permissible 
range in forging temperature is narrow. Experience 
leads, however, to the conclusion that, for most re- 
heating operations, gas-fired furnaces are likely to hold 
the field for some time to come. 

The need for and the design of improved forging 
plant in this country are matters which are receiving 
the closest attention. Great Britain produces some 
of the world’s largest forgings, yet the largest forging 
press in this country is one of 7000 tons, whilst in 
various countries abroad there are presses ranging 
from 10,000 to 15,000 tons capacity, some of which 
are capable of dealing with forgings of larger sizes 
than have yet been made. 

Apart from mere size, however, there is an increasing 





Fig. 6—‘ Gashed ’ steam-turbine rotor 
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Fig. 7—(a) Piston rods forged in special dies; 
(6) diagram of grain flow obtained 


need for plant to manufacture special shapes, and 
this is likely to include presses designed to work in 


more than one plane simultaneously. An extremely 


ingenious development of this kind is the system 


designed in France by Roederer, primarily with the 


object of producing crankshafts too large for drop 
forging, but having the same desirable characteristics 
in the way of what is termed, in this country, * con- 
tinuous grain flow’”’ and in France, ” fibrage inté- 
grale.”” As this system has been described elsewhere, 
both in France and Britain, it is unecessary to give 
any further description. Figure 5 shows a partly 
finished crankshaft in the forging press, just after the 
top tool has been lifted. I have drawn special 
attention to this process because it is capable of being 
developed and modified to enable forgings other than 
crankshafts to be manufactured with improved grain 
flow. 

The term ‘ forging in the machine shop ’ has been 
applied to cases where a forging leaves the hammer or 
press with a comparatively simple shape and receives 
a large amount of further shaping during machining. 
There are many cases of forgings where such extensive 
shaping can hardly be done by any other means : for 
example, a so-called * gashed type ’ rotor (Fig. 6) for a 
steam turbine, in which adjacent discs, or wheels, are 
so close together that it is impracticable to form them 
under the press by any kind of forging tool. There 
are other cases, however, where forging to something 
like the required shape results in a substantially better 
product. A relatively simple forging of this type is 
shown in Figs. 7a and b, the latter being a diagram- 
matic representation of the grain-flow pattern. 

In alloy-steel manufacture, there is no more im- 
portant stage than correct heat-treatment, yet it is 
often given less attention, both in the design and lay- 
out of plant and during practical operation, than other 
stages which are more easily controlled. One reason 
for this is that many plant and production engineers— 
perhaps unconsciously—tend to regard heat-treat- 
ment, especially at an intermediate stage, as something 
of a nuisance, devised by metallurgists for mysterious 
ends and liable to interrupt the otherwise smooth flow 
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of the product through the plant. As a result of this, 
there have been frequent bottlenecks in production 
due to insufficient heat-treatment capacity to deal 
with the full output of the forges or rolling mills and, 
equally serious, many cases of defects such as hairline 
cracks, caused by long delays between the hot working 
and heat-treatment operations. Where furnaces are 
fired by raw producer gas, further delays and hence 
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Fig. 8—Examples of intermediate heat-treatment cycles 
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bottlenecks have resulted from the necessity to ‘ burn 
out’ at the weekend and thus often to prolong the 
heat-treatment cycles required for large products. If 
these two difficulties are to be overcome, new plant 
should provide, on the one hand, for greater heat-treat- 
ment capacity in relation to the earlier stages of manu- 
facture and, on the other, types of producers operating 
on one of the clean gas systems which are already 
developed, or in process of development. 

In considering future improvements, both in plant 
and processes, it is necessary to distinguish between 
intermediate heat-treatments, by which is meant 
those following immediately after hot working, and 
final heat-treatment for ensuring the mechanical 
properties required in the finished product. 

In most existing plants, the precautionary treat- 
ment for rolled products, such as billets, large bars, 
and even some types of drop forgings, consists of slow 
cooling in a pit furnace, which may be preheated by 
gas, but, in the majority of cases, relies upon the slow 
cooling rate of the material in the pit to prevent such 
defects as hairline cracks, clinks, and so on. On the 
other hand, forgings (especially alloy-steel forgings) 
are usually charged immediately into a suitable 
furnace and subjected, not only to slow cooling, but 
also to a carefully designed heat-treatment cycle, such 
as those illustrated diagrammatically in Fig. 8. 

Whilst pit cooling may often achieve the desired 
results, it has a number of disadvantages, including 
the time taken to fill the pit, and the consequent 
differences in temperature between products charged 
early and late before the pit is closed, and the large 
amount of floor space necessary to provide pits 
adequate for a substantial output. Furthermore, 
pit-cooled bars, for example, often show appreciable 
difference in hardness and, unless charging and stack- 
ing is carried out with great care, they are apt to be 
bent and to require subsequent straightening before 
final heat-treatment. 

Though more expensive in the first place than a 
series of cooling pits, a most desirable future develop- 
ment would be the installation of continuous or semi- 
continuous heat-treatment plants, into which the hot 
products would be charged and would undergo a 
cycle of heat-treatment similar to one of those 
illustrated in Fig. 8. The advantages of this system 
would be : 


(1) Clinks and hairline cracks would be eliminated 

(2) The product would be much more uniform, both 
in structure and hardness 

(3) In the form of billets and large bars, the pro- 
duct would be kept straight. 


For large products, continuous furnaces are less 
suitable and a major improvement which is visualized 
is in furnace design, to ensure greater uniformity in 
temperature from roof to furnace hearth or furnace 
bogie. It would be an advantage to have furnaces 
with better insulation, but lower heat capacity, than 
is normally met with, to enable the furnace to be 
cooled down more rapidly between high-temperature 
and low-temperature portions of the cycle. During 
the war, some special furnaces having these character- 
istics were installed in the U.S.A. and appear to have 
given admirable results. 
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In the heat-treatment of large forgings, it is always 
difficult to decide whether furnaces required largely 
for intermediate heat-treatments should accommodate 
several forgings simultaneously, or should be of 
smaller type intended for one forging only. Both 
systems have their merits for particular products, but 
in dealing with some of the more difficult forgings, 
such as generator and alternator rotors, there is much 
to be said for the installation of several units of the 
single type, thus enabling a specialized heat-treatment 
cycle to be applied to a particular forging without 
holding up the furnace until other forgings are ready 
to be charged. One danger associated with this latter 
practice arises from the natural desire of those in 
charge of the heat-treatment plant to ‘“ get on with 
the job” after the last forging is charged, without 
waiting for the necessary uniformity to be obtained 
throughout the furnace. Many cases of hairline cracks 
have been traced to the inadequate time allowed 
for the later forgings to be cooled through the trans- 
formation range before reheating for the next stage 
of the cycle. 

For final heat-treatment, which determines the 
mechanical properties of the finished product, im- 
provements are highly desirable in furnace design, 
in pyrometric control, and, perhaps most of all, in the 
quality of the furnace operators, especially when 
dealing with products of large size. 

For the heat-treatment of bars, which in this country 
is carried out largely in batch-type furnaces, contin- 
uous furnaces would have many advantages. What 
is visualized is continuous heating of the bars in a 
conveyor-type furnace, followed by quenching for a 
pre-determined time in oil, and followed again by a 
conveyor-type furnace for tempering. Such an 
arrangement would pre-suppose that the bars passing 
through at any given time were sufficiently similar in 
size and composition to be subjected to a standard 
hardening and tempering treatment, which is quite 
feasible for a number of the steels specified to be heat- 
treated to, say, 55-65 or 45-55 tons/in?. This method 
would have the following advantages over batch- 
type heat-treatment : 


(1) Superior straightness 
(2) Much greater freedom from cracking, which 
often occurs through too long immersion in the quench- 
ing bath 
(3) Greater uniformity in mechanical properties, 
since ‘ slack ’ quenching would be avoided and all bars 
would receive exactly similar heat-treatment, with- 
out being ‘ blanketed * during either heating or quench- 
ing by the too close proximity of other bars. 
For many drop forgings of similar shape, such as 
crankshafts, a similar system has much to commend it. 
As stated earlier, the plant required for large forg- 
ings is completely different, and the most essential 
features are uniformity of furnace temperature, both 
in the heating and soaking stages, and the correct 
application of pyrometric control to ensure uniformity 
in all parts of the forging before it is withdrawn from 
the furnace, whether for hardening or tempering. 
Furnaces used for the heat-treatment of large forgings 
are not usually provided with means of heating in the 
hearth, which is difficult for obvious reasons in a 
bogie furnace. Temperature records of many forgings 
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Fig. 9—Tempering graph for 14% Mn-Ni-Mo steel bars (0-175% C, 1.69% Mn, 0-60% Ni, 0-26% Mo), water 
hardened 870° C, T. 600° C. 2 h and A.C., reheated to various temperatures for 1 h, and A.C. 


heat-treated in such furnaces show conclusively that 
it is almost impossible to attain the same temperature, 
say, at the upper and lower portions of the body of a 
rotor forging, as placed in the furnace, however long 
the soaking period employed. One remedy is to turn 
over the forging through 180° some time before it is 
withdrawn from the furnace and, as it is difficult to 
devise automatic rotating gear which will stand up to 
long usage, this is the method normally adopted. 
Furnaces equipped with atmosphere circulation do 
show substantial advantages over those not so fitted 
but, since some steels regularly used for rotor forgings 
are very sensitive to variations in heat-treatment 
temperatures, there is still room for improvement. 
An alternative is vertical heating, employing electric 
furnaces of cylindrical shape, but vertical heat-treat- 
ment involves difficulties in the method of holding the 
forging in the furnace, which may be either by sus- 
pension from gear which passes through the furnace 
roof, or by resting the bottom end of the forging on 
some form of ‘stool.’ The second method has the 
great disadvantage that, unless care is taken that the 
stool itself is heated to the same temperature as the 
forging, the lower end of the latter is apt to be cooler 
than the remainder. Where the object to be heated 
is in the form of a hollow cylinder, such as a chemical 
reaction vessel, vertical heat-treatment has great 
advantages over horizontal, but for some large solid 
objects horizontal heating may offer advantages, pro- 
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vided that adequate uniformity is attained and the 
method of support on the furnace hearth or bogie is 
properly designed. 

There are two further most important requirements 
in heat-treatment, especially of large forgings : the 
first is the supervision of the operations by really 
skilled and experienced individuals, and the second is 
more intelligent use of pyrometric control. It is an 
unfortunate, but perhaps a natural, consequence of 
the increased application of pyrometric instruments 
that the skill of furnace operators, in judging both 
temperatures and uniformity in temperature, has 
become a neglected art. I believe that no pyrometer 
equipment, however elaborate and accurate, is a com- 
plete substitute for human observation and _intelli- 
gence. Most of us must have experienced cases 
where, according to the recorder chart, the thermal 
history of a forging has been excellent yet, as shown 
by subsequent mechanical tests, the forging is any- 
thing but uniform and microsections taken from test 
pieces reveal non-uniformity in structure correspond- 
ing to temperature differences of as much as 50—100° C, 
Such cases could never occur if not only the tempera- 
ture recorder but also the appearance of the forgings 
in the furnace were observed by those responsible. 
A pyrometer merely measures the temperature of 
that part of the furnace or forging in its immediate 
vicinity and, since many pyrometers are not positioned 
intelligently in relation to the shape and size of the 
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Fig. 10—Effect on Mn-Ni-Mo steel shown in Fig. 9 of additional tempering at 600° C for 2 h, followed by 
air-cooling 


forging and the known characteristics of the furnace, 
it is not surprising that results are unsatisfactory. 
Obviously, the remedy is to train men who are to 
take charge of important heat-treatment operations 
to be not only pyrometer readers, but also careful and 
accurate observers and to provide, if necessary, 
sufficient pyrometric instruments in reserve to enable 
temperatures to be taken in parts of the furnace, or 
on parts of the forging, which are not necessarily at 
the same temperature as the pyrometers used for 
recording. Probably the placing on the walls of the 
heat-treatment department of such slogans as ‘‘ One 
look in the furnace may save two retreatments ” would 
be a good idea, but the real solution to the problem 
is to encourage the furnace operators, through the 
heat-treatment manager, to develop a real sense of 
responsibility for the correct performance of each 
operation. 

To summarize the second part of my Address, I 
have mentioned briefly a few—and only a few— 
possibilities and improvements relative to the practical 
side of alloy-steel manufacture : 

(1) In steelmaking, some of the advantages and dis- 
advantages of open-hearth and electric furnace pro- 
cesses, respectively 
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(2) In ingot making, the importance of soundness, 
the possible influence of vacuum casting, the problem 
of large ingot moulds, and the need for further work 
upon the causes of segregation 

(3) In hot working, the need for better reheating 
furnaces, larger rolling mills, and forging plant, includ- 
ing in the latter case presses designed for the forging 
of special shapes 

(4) In heat-treatment, desirable developments in 
furnaces, improved plant and methods for both 
intermediate and final stages, more intelligent use of 
pyrometers, and the necessity for better training of 
personnel. 

In the third and last part of my review, I shall refer 
—again briefly—to some lines of applied metal- 
lurgical research and development which merit close 
attention. I have classified them under four head- 
ings, corresponding to the four main processes in the 
manufacture of steel. 


Steelmaking 


Although it will be difficult, both in devising and 
execution, much more work is necessary in order to 
establish the different steelmaking variables which 
result in so-called ‘ fluidity,’ ‘ sluggishness,’ ‘ condi- 
tion,’ and several other picturesque and descriptive 
terms which are commonly used by the skilled melter. 
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important, though to anyone insufficiently experienced 
they may not be even apparent. Probably the only 
satisfactory way to tackle this problem is by the most 
careful observation and recording of the thermal, 
chemical, and what might be termed ‘ sampling’ 
history of a large number of similar heats whilst still 
in the furnace, these observations being correlated 
with the behaviour of the steel during casting, the 
quality of the ingots, and the properties obtained from 
the finished product in some selected form and size. 


Ingot Casting 

(a) Further investigations into the effects of tem- 
perature and casting rate, employing the widest 
possible range in both these variables. 

(b) More laboratory work to determine the effect 
on segregation of different rates of cooling through 
the freezing range. 

(c) Study of steel melted in vacuo under the 
same conditions as (5). 


Hot Working 

More thorough investigation of effect of working 
temperature on the quality of the product, using 
specimens which have (a) transformed and (b) not 
transformed between stripping from the mould and 
reheating. Both laboratory and works scale experi- 
ments are visualized. 


Heat-Treatment 
(a) At precautionary stage, investigation of 
efficacy of various cycles of heat-treatment in pre- 
vention of hairline cracks in steels of different 
composition. 
(b) Possibilities of final heat-treatments of un- 
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tempering * are known cases where success has been 

achieved, through consideration of transformation 

diagrams. 

(c) Investigation of cycles involving heating into 
the transformation at some stage on the cycle may 
lead to interesting and useful results. My last 
three illustrations refer to such an investigation 
which is proceeding at the present time. Figure 9 
is a ‘tempering graph’ fer a manganese-nickel 
molybdenum steel initially heat-treated by water- 
hardening from 870° C and tempering at 600° C, in 
which additional tempering has been carried up to 
and through the A; transformation range. The 
peaks and valleys in the curves for tensile stress and 
Izod values are very marked in the region of trans- 
formation. Figure 10 shows the effect, on duplicate 
specimens, of an additional tempering at 600° C, 
which has almost ironed out the lines for Izod 
values and maximum stress, but left some valleys 
and peaks in the 0-5% proof stress. Even more 
surprising, however, is the series of transition 
curves shown in Fig. 11, the best being from the 
samples ‘tempered at 725°C and re-tempered at 
600° C. 

I have left these diagrams to the end of my talk, 
because I think they illustrate very well the fruitful- 
ness of what are empirical studies, using * empiricism ’ 
in the best sense of the word and not as a term of 
reproach, which is often implied in its use nowadays. 
I would remind you that, writing in Nature in 1881 
Huxley stated “all true science begins with empiri- 
cism.’’ Most of the suggestions I have made for future 
research and development are obviously of this type, 
in which I confess I am a strong believer. 
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Desulphurization of Liquid Pig Iron by 


Blowing with 


Lime Powder 


By B. Trentini, L. Wahl, and M. Allard 


ADVANTAGES OF EXTERNAL 
DESULPHURIZATION 


THE ADVANTAGES and disadvantages of the 
external desulphurization of liquid pig iron, compared 
with the method in which desulphurization is carried 
out in the furnace itself (either the blast-furnace or 
the steelmaking furnace), have for long been the 
subject of lively discussion among steelmakers. 

In the first place, it is quite certain that in the 
blast-furnace the use of coke with a low sulphur 
content, combined with hot and basic working, and 
also high manganese additions in the burden, ensures 
the production of hot metal with a very low sulphur 
content (e.g. about 0-030%). Such a combination of 
factors, while having the appreciable advantage of 
providing an excellent-quality iron, has the obvious 
disadvantages of being very expensive and often 
impossible to achieve, at least in many European 
works. 

At the open-hearth melting shop, where the sulphur 
content of the fuel used has always played an impor- 
tant part, desulphurization can be carried out by 
forming one or more very basic slags, but this results 
in an increase in the consumption of lime and fuel, 
and at the same time noticeably reduces the output 
of the furnace, with a corresponding increase in the 
cost per ton of steel. Similarly, special processes can 
be used in which the steel is stirred with liquid or 
solid pre-melted slags (the Perrin process). 

In the basic Bessemer converter, even though the 
importance of the quality of the lime charged is too 
frequently underestimated, one has little control over 
the sulphur content of the final steel, which depends 
primarily on the sulphur present in the hot metal 
charged. 

That is one reason why external desulphurization 
of the metal is carried out in Europe between the 
blast-furnace and the steelworks when the iron is to 
be refined in a basic Bessemer converter. This has, 
up to the present time, been effected mainly by soda 
ash. 

There are, however, other more effective methods 
of desulphurization, and this paper describes one 
particular new process based on the use of powdered 
lime blown through the bath of metal being treated. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


124 


SYNOPSIS 

This new process of desulphurization, using high concentrations 
of lime in the gas, produces extremely effective conditions of contact 
between the desulphurizing agent and the liquid pig iron, owing to 
the use of immersed tuyeres. 

Using nitrogen, and adopting precautions against the intro- 
duction of foreign slags, the process enables rapid and efficient 
desulphurization of the melt to be carried out, so that low residual 
sulphur contents (less than 0-010%) can be obtained in a few 
minutes. 

The addition to the lime of strong reducing agents such as 
aluminium facilitates the attainment of very low sulphur contents 
(less than 0 -004°,). 

The effectiveness and speed of this process, using inexpensive 
materials, enables it to be applied to very varied desulphurization 
problems. 1295 


BIBLIOGRAPHY 

The desulphurizing properties of solid lime are well 
known in steelmaking and have already been the 
subject of numerous and varied experiments. 
Desulphurization in a Rotating Furnace 

Following the tests made at the Stiirzelberg works, 
Bading and Krus,! and then Eichholz and Behrendt,? 
carried out experiments on the desulphurization of 
pig iron with a mixture of lime and coke breeze in 
a rotating furnace fired by coke-oven gas or pulverized 
coal. This operational technique did not permit very 
low sulphur contents to be obtained (e.g. < 0-05%), 
probably owing to the fact that the conditions were 
not sufficiently reducing, as evidenced by the rapid 
fall in the silicon contents of the melts treated 
(desiliconization from 90°% to 100%). 

Also using a rotating furnace, Kalling? obtained 
very good results in trials carried out at the pilot 
plant at Domnarvet on a 3-ton experimental furnace 
and then in industrial runs in 15-25-ton furnaces at 
two Swedish works. With rotation times of 20-25 
min it is possible to lower the sulphur content of the 
metal from, say, 0-100% to less than 0-010% for a 
lime consumption, with or without the addition of 
coke breeze, of 15 kg per ton. 

The success of the process depends on rapid rotation 
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of the furnace (40 rev/min) and on the maintenance 
of reducing conditions in the furnace, which is not 
heated between operations; the entry of air is kept 
to a minimum, as is the introduction of * foreign ’ 
slags from other sources (e.g. blast-furnace or mixer). 


Desulphurization by Other Stirring Methods 

Other methods of stirring the lime and the metal 
to be desulphurized have similarly been the subjects 
of experiments and publications. 

Thus Tigerschidld® and Heuer used a low-frequency 
alternating current for stirring a mixture of lime and 
fluorspar on the surface of a bath of metal. 

In another direction, several workers have used the 
injection of a gas into the bath to improve contact 
between the desulphurizing agent and the metal. 
Newell, Langner, and Parsons® used this process with 
synthetic slags composed of mixtures of carbonates, 


silicates, fluorides, and carbides placed on a bath of 


metal and stirred by nitrogen or ammonia injected 
through a lance. 

Spire’ blew nitrogen through a porous brick to stir 
a mixture of soda ash, calcium carbonate, and 
fluorspar, with the intention of forming a liquid 
desulphurizing slag. 

On the other hand, Griffith® mentions desulphuriza- 
tion tests on liquid pig iron carried out in a 40-ton 
capacity ladle in which nitrogen admitted through 
the side stirred the metal and the desulphurizing 
agent, consisting of a mixture of lime and fluorspar, 
which was added to the bath. 

To increase the contact surfaces between the lime 
and the iron, Saunders, Giedroyc, and Dancy® poured 
the melt on to lumps of coke coated with lime and 
placed in the bottom of a teapot-type ladle. 


Desulphurization by means of a Suspension of Lime 
in a Flow of Gas 

Carrying the desulphurizing agent in a flow of gas 
and blowing the mixture into the metal to be treated 
likewise constitutes an apparently simple solution 
which has tempted experimenters. 

Since this paper is limited to the question of lime, 
only brief mention will be made of the important 
work of Wood,!® continued by Baumer, Hulme, 
Henderson, and Crocket,4-13 in which calcium car- 
bide, carried in suspension in nitrogen, was injected 
with the aid of a refractory centrifuge tube or a lance. 


Eichholz and Behrendt, following the work of 


Oelsen,!* injected into the melt by means of a lance 
a mixture of powdered lime and coal carried in 
suspension in compressed air, but without obtaining 
satisfactory results. On the other hand, Sawamura, 
Okamura, Mori, and Abe!® operated on some hundreds 
of grammes of liquid pig iron contained in a graphite 
crucible. A small lance enabled the desulphurizing 
agent to be injected in a flow of nitrogen: the authors 
carried out only two tests with lime powder, without 
producing a very important desulphurization. In an 


article!® dealing principally with the injection of 


powdered calcium carbide, Kawabata also mentions 
a test with lime powder injected through a lance: the 
desulphurization was only 60%. 

An article’? published in 1952 by the Quebec Iron 
and Titanium Co. and the Canadian Liquid Air Co. 
similarly reports the use of a lance for desulphurizing 
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Apparatus for blowing powders 


Fig. 1 


liquid pig iron by blowing in lime powder and 
nitrogen; the operation was carried out in a basic 
electric furnace. Finally, Kalling, before turning his 
attention to the rotating furnace, describes having 
tried a suspension of lime in a flow of nitrogen, without 
obtaining very encouraging results.* 

As early as 1949, one of the present authors had 
already started in the works researches in this same 
direction. These researches were later continued 
at the pilot plant of IRSID, using special apparatus 
enabling a regular and concentrated suspension 
of powder in a gas flow to be obtained, and using 
a tilting vessel similar to a converter. 

Simultaneously, another of the authors, in the 
course of a study of the behaviour of sulphur in the 
Bessemer converter, verified that a degree of de- 
sulphurization (15-20%) was obtained in the first 
moments of operation, as a result of the vigorous 
stirring of the melt with the lumps of lime charged 
with the hot metal. It was deduced from this that by 
replacing the air by a non-oxidizing gas and by 
blowing powdered lime through the tuyeres in a vessel 
free from oxidizing slags, the conditions of intimate 
contact and stirring realized in such an apparatus 
would produce very appreciable and very rapid 
desulphurization. 

In this case one is not limited by an equilibrium 
between the liquid slag and metal, and the desulphur- 
izing conditions must be very favourable if the intro- 
duction or formation of foreign slag is to be com- 
pletely avoided. Thermodynamic calculations of 
equilibrium show in fact that lime in the solid state 
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Fig. 2—Tuyeres blowing a suspension of lime in 
nitrogen 


has a remarkable desulphurizing power relative to a 
reducing metal like liquid pig iron. In these circum- 
stances, and without even taking account of any 
reducing element other than carbon, the thermo- 
dynamic data make it possible to predict that for 
equilibrium with solid lime at 1300°C the sulphur 
content would have a value of the order of only 
0-001°%.18 The conditions are even more favourable 
in the region of usual hot-metal temperatures, because 
the silicon, which is always present to a greater or less 
extent, is the reducing agent. Eketorp!® has thus 
shown that for ordinary basic Bessemer pig iron, with 
only 0-3°% silicon, the sulphur content at equilibrium 
at 1300°C would be only 2-5 x 10-75%. These 
considerations are only valid so long as the lime 
remains in the solid state. 


OPERATING TECHNIQUE OF THE METHOD USED 
One of the characteristics of the process which has 
been given especial attention is the creation of the 


very best conditions of contact between the bath of 


metal and the desulphurizing agent. These conditions 
are achieved with the aid of two factors: 

(i) The use of very fine powders 

(ii) Blowing through immersed tuyeres. 


Apparatus 

Blowing lime powders, particularly when they are 
very fine, presents a very acute technological problem 
which requires careful consideration. 

The apparatus used in the course of these experi- 
ments, shown in Fig. 1, enabled very steady flow to 
be obtained, in particular with very finely divided 
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lime powders (e.g. less than 100 microns). Very high 
concentrations were readily attained—38 kg of lime 
per m? of nitrogen blown. 

Figure 2 shows a series of four tuyeres, delivering 
to free air very finely divided lime in suspension in a 
flow of nitrogen. 

The first attempts were made on a small 300-kg 
converter installed at the St.-Germain-en-Laye pilot 
plant. The second stage consisted in operating on an 
experimental 2-5-ton converter installed at th 
Pont-a-Mousson works of the Société des Fonderies 
de Pont-’-Mousson. This converter is shown in 
Fig. 3. 

The use of experimental converters as treatment 
vessels for these desulphurization tests was justified 
by the fact that, being used normally for refining 
experiments, they were ready to hand; it is, however, 
quite certain that, given the limited number of neces- 
sary tuyeres, the small quantity of gas used, and the 
absence of refining reactions which would wear the 
refractories, the use of a standard converter for this 
desulphurization treatment is not necessary. 

That is the reason why for the succeeding tests a 
special 2-5-ton ladle, fitted with tuyeres, was used 
both for the desulphurization treatment and for the 
transport of the liquid metal. In both the pouring 
and carrying positions the tuyeres were above the 
level of the liquid and a simple rotation allowed them 
to be immersed during blowing. In this way the fall 
in temperature caused by the use of a supplementary 
vessel such as a converter is avoided. 


Hot Metal 

In these three equipments (300-kg converter, 2-5- 
ton converter, and 2-5-ton ladle) more than 200 
desulphurization tests were carried out on liquid pig 
irons of very different chemical compositions and at 
different temperatures. 

The silicon contents of the melts treated varied in 
practice from 0-4°% for basic Bessemer hot metal to 
more than 3°%, for foundry irons. Similarly, the 
phosphorus contents covered a wide range, from the 
very low contents of hematite pig iron to contents 





Fig. 3—2-5-ton experimental converter 
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of the order of 2° for basic Bessemer hot metal. Pig 
irons with high nickel contents (25°) were also 
treated. 

The sulphur contents of these irons varied between 
wide limits: in most cases they were between 0-060° 
and 0:120%; certain tests were made, however, on 
pig irons containing about 0-200 of sulphur and 
even up to 0-300%. 

Temperatures at the start of treatment varied with 
the operating conditions: the usual range of variation 


was from a minimum of 1200° to a maximum of 


1430° C, 


Desulphurizing Agent 

Most of the desulphurizing treatments were effected 
with lime powder. The lime used for all experiments 
came from a French steel plant in which the lime kilns 
are heated by blast-furnace gas; it is therefore a very 
low-cost industrial product, even taking into account 
the quite small crushing costs. The gas firing of the 
limestone produces a good-quality lime, as is seen 
from the analyses given in Table I, corresponding 
to samples taken at different periods of the tests. 

It was observed, moreover, that although the 
presence of incompletely fired limestone and siliceous 
impurities can be harmful to the efficiency of de- 


sulphurization, nevertheless, the sulphur content of 


the lime at the start has no practical effect whatever 
on this efficiency. 

Several examples of particle-size distribution curves 
of lime are given in Fig. 4, where the abscissz repre- 
sent the grain sizes (in microns) on a logarithmic scale 
and the ordinates the percentage of lime under the 
corresponding size. 

Other powdered materials were also tried, particu- 
larly calcium carbide and calcium cyanamide 
The Carrier Gas 

The greater part of this investigation was carried 
out using nitrogen as the carrier gas; all the first tests 
were made with specially purified nitrogen, but this 
precaution was soon realized to be unnecessary, and 
experiments were continued with industrial-quality 
nitrogen, i.e. containing up to 0-5% oxygen. Some 
tests were also carried out on the use of other gases 
such as cracked ammonia, coke-oven gas, etc. <A 
series of tests was likewise made with compressed air. 
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Table I 
LIME ANALYSES 
Sample ©89, | SiO, Fe.0, + Al,O;, CO; +H,0,  §, 
A 93 1-2 1:3 3 0-07 
B 96 0-9 1-0 1-8 0-09 
: 95 0.7 1-4 1-7 0-10 
D 89 2-4 a4 4:3 0.13 








Operating Details 

Whether carried out in a converter or a ladle, the 
desulphurization operation is very simple; the liquid 
pig iron is poured into the vessel with the tuyeres 
remaining above bath level; during the pouring, the 
introduction of unwanted slags such as blast-furnace 
or mixer slags must be avoided as far as possible. 

After a sample of the melt is taken, nitrogen is 
admitted and then the lime; as soon as a white cloud 
appears at the mouth, the tuyeres are immersed by 
simply rotating the vessel for the duration of the test, 
a few minutes only. At the end of this time the vessel 
is returned to its starting position with the tuyeres 
above the bath, and the supply of lime and nitrogen 
is cut off. After taking a sample of metal the tuyeres 
are disconnected from the lime and nitrogen supply 
system, and the desulphurized iron is poured off, eithe1 
after preliminary skimming of the used lime or without 
such preliminary skimming, the lime being easily kept 
back during the pouring and eliminated afterwards 
by a complete turndown. 

Metal slopping during blowing is insignificant if the 
injection is well regulated; only a small flame can 
be seen, due to the unfired residue in the lime, as well 
as a light cloud of lime; the amount of dust lost to 
the atmosphere thus represents only a very small 
proportion of the lime blown in. 


RESULTS OBTAINED 

In a large number of the desulphurization tests 
intermediate sampling of the metal was carried out, 
enabling curves to be plotted of sulphur evolution in 
the bath during the course of desulphurization. In 
most cases the blowing conditions of the lime 
nitrogen mixture were maintained constant for the 
duration of the blow, and numerous preliminary 
experiments showed that under these circumstances 
the flow of lime and nitrogen remained substantially 
constant. 


Examples of Desulphurization 

An example of a curve showing sulphur evolution 
during treatment is given in Fig. 5. This test, the 
results of which are presented in Tabie LI, was carried 
out with 2500 kg of semi-phosphorus pig iron (1°, P) 
in a converter-type apparatus installed at the Pont-a- 
Mousson Works. 

The blowing period with a total duration of 3 min 
was divided into three equal periods of 1 min each. 
The analysis of different samples taken enables the 
following conclusions to be drawn: 


(i) Starting with a value of 0-095°%, the sulphur 
content of the pig iron is not more than 0-009% at 
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Table II 
CHEMICAL EVOLUTION OF TEST P.10 
Blowing 
Sample No. Time Elapsed Lime Injected 8s, % Cc, % si, % Mn, % gg ty 
(from the start) li 
min kg 
| 
P.10, 0 0 0-095 3-3 3-0 0.465 ak 
P.10, 1 17 0-047 3-3 3-0 0.455 50 
P.10, 2 34 0-017 3-1 2-9 0-455 82 
P.10, 3 51 0-009 3-1 2-9 0-450 90 
Sat start — Sat end 
* Desulphurization efficiency is defined as — x 100 
at start 


the end of the treatment, representing a desulphuriza- 
tion of 90% 
(ii) This considerable desulphurization is achieved in 
a very short time, only 3 min 
(iii) The carbon, silicon, and manganese contents 
undergo a slight reduction between the beginning and 
the end of the test, due to varying additions of oxygen 
which are difficult to avoid, as will be discussed later. 
The attainment of final sulphur contents of less than 
0-010% from starting figures of the order of 0- 100% 
is a simple matter, but necessitates certain stirring 
conditions and precautions, particularly against 
oxidizing conditions and the introduction of unwanted 
slags which can come from the metal ladle or from the 
preheating of the treatment apparatus. 
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Fig. 5—Test P.10: 2500 kg of semi-phosphorus pig iron 
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The example in Fig. 6 shows one particular de- 
sulphurizing operation carried out on 2800 kg of 
hematite pig iron where practically no blast-furnace 
slag was admitted to the treatment apparatus, the 
lining of which was itself free from any preheating 
slag. The sulphur content of the melt fell from 
0-112% to 0:005% in 3 min. In reproducing the 
results obtained in Table III, it will be noted that there 
were very small losses in the oxidizable elements: C, 
Si, Mn. 


Waiting Time after Treatment 


In all these tests, metal samples were taken imme- 
diately blowing ceased. The extremely low sulphur 
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Table III 
CHEMICAL EVOLUTION OF TEST P.46 
Blowing | 
| 
Sample No. | Time Elapsed Lime Injected 8s, % Cc, % Si, % Mn, %, oe 
(from the start) wit id, 
min kg 
P46, 0 0 0-112 2-9 2-65 0-76 = 
P46, 13 27 0-030 2-8 2-60 0-75 73 
P46, 3 54 0.005 2-8 2-60 0-75 95 
P46, 3 min wait 0-005 2-8 2-60 0-75 95 
after turn- 
down 








contents attained in the preceding example already 
seem to indicate that the sulphurated lime particles 
are eliminated very rapidly. 

To verify this point, comparisons were made 
between samples of iron taken just after blowing ceased 
and samples taken after a wait of several minutes. 
This point is brought out in the course of the experi- 
ment already referred to in Fig. 6 and in the figures 
in Table III: the two last samples were not separated 
by any blowing, but only by a wait of 3 min. This 
establishes that the sulphur content does not decrease 
further. 
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Fig. 7—Test P36: 3000 kg of hematite pig iron. Effect 
of waiting time (low sulphur) 
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Figure 7 illustrates a similar experiment for a higher 
final sulphur content of 0-016%. In this test also 
there was no difference between the sulphur contents 
of the metal before or after a waiting period. 

Other similar tests lead to the same conclusion: 
the waiting time after taking the final sample has 
no detectable effect on the sulphur content of the 
treated bath of metal, and this confirms that the 
particles of sulphurated lime are eliminated very 
quickly. 

Influence of Slags formed by Preheating 

It has already been mentioned that for very strong 
desulphurization of a melt treated with lime powder, 
a non-oxidizing atmosphere is essential. At the time 
when the first series of tests was carried out on the 
small 300-kg converter at the St. Germain-en-Laye 
pilot plant, the very restricted number of tests which 
could be carried out each day (1 or 2, occasionally 3), 
necessitated the frequent preheating of the lining. 
This preheating was effected between operations by 
a burner whose flame, always oxidizing relative to the 
metal adhering to the lining, caused the formation 
of a fairly appreciable quantity of oxidized acid slag; 
this covered the bath as soon as the metal was poured 
in and was remixed with the lime during the vigorous 
stirring accompanying the blowing operation. 

Figure 8 shows the rate of desulphurization in 32 
tests carried out on basic Bessemer pig iron (P 1-7— 
1-8%,), containing 0-030-0-100% sulphur, treated in 
the 300-kg apparatus. 

The points tend to approach the asymptote corres- 
ponding to complete desulphurization with, however, 
a wide scatter and a high consumption of lime, 
primarily due to the presence of variable quantities 
of silicates of iron resulting from the repeated oxidizing 
preheating operations, and enhanced by the unfavour- 
able fact that the ratio (mass of metal)/(surface of 
lining) assumes greater importance when working 
with small quantities of metal. 

Effect of Adding Reducing Agents 

To reduce the undesirable effects of this oxidized 
slag, various additions were made to the lime for the 
tests in the small 300-kg converter, including carbon, 
aluminium, magnesium, calcium carbide, and calcium 
cyanamide. 

Carbon powder, added in the form of finely ground 
charcoal intimately mixed with the lime before 
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Fig. 8—Desulphurization efficiency v. weight of lime as wt-% of iron 


blowing, appeared to give no detectable improvement, 
even with a carbon/lime ratio of 25%. 

On the other hand, even a small addition of a strong 
reducing agent such as aluminium was shown to have 
a beneficial effect on desulphurization. It was found 
possible in the course of experiments on 300 kg of 
metal, by adding to the lime only 2% of its weight 
of aluminium powder, to attain residual sulphur 
contents of less than 0-004°, which is the practical 
lower limit of the combustion method of determining 
sulphur. 

The corresponding points, with arrows, are shown 
on Fig. 8, and it will be noted that the desulphuriza- 
tion attained comes very close to 100%, represented 
by the horizontal asymptote. 

The desulphurization curve shown in Fig. 9 relates 
to a test on 300 kg of basic Bessemer pig iron with 
1-8% phosphorus and with a very high initial sulphur 
content (0-300%). The bath was treated with 11 kg 
of lime plus 2 wt-% of aluminium powder, and Table 
IV details the results obtained, demonstrating the 
very rapid fall in sulphur content, which dropped in 
4} min from 0-300% to 0-004%, resulting in a total 
desulphurization efficiency of 99%. 

The addition of magnesium was shown to be even 
more beneficial than that of aluminium, since it plays 
the double role of deoxidant and strong desulphurizer. 
Figure 10 shows the evolution of sulphur from a 
300-kg bath of basic Bessemer pig iron treated with 
lime containing 2 wt-°%% of magnesium powder. After 
14 min, with a weight of lime blown equal to 2-4% 
of the weight of the melt, the sulphur content fell 
from 0-101% to less than 0-004%, not measurable 
by the methods of chemical analysis used. Further 
blowing under the same conditions merely indicated 
that the residual sulphur content was maintained in 
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this extremely low region. The technique itself is 
therefore of potential interest even in the absence of 
the oxidation difficulties indicated above with this 
small 300-kg converter. 

The first part of the sulphur content being the 
easiest to eliminate, it does not appear to be at all 
necessary to make use of the magnesium at the start 
of the treatment, and it is interesting to be able to 
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Fig. 9—Test Bc 202: 300 kg of basic Bessemer pig iron. 
Addition of aluminium 
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Table IV 
CHEMICAL EVOLUTION OF TEST Bc 202 




















| Blowing | 
Sample No. | Time Elapsed Lime Injected | 8, % Cc, % Si, % Mn, % Se 
{ (from the start) he Beng | 
min | kg | 
| | 
Be 202, 0 | 9 0.300 se“ | o@ | of a | 
Be 202, | 1} | 3-5 0.056 35 | 0-36 | 0.34 81 
Be 202, 3 7-5 0-015 3-5 | 0-31 0-34 95 
Be 202, 4} | 11 0-004 3-5 | 0.27 0-33 99 
| 





use the magnesium only towards the end of the opera- 
tion. From this came the idea of a two-stage treat- 
ment, which the flexibility of the apparatus readily 
allows: a first period of blowing with an inexpensive 
desulphurizing product (e.g. lime); then a second 
period, in general very short, in which a stronger 
but more costly desulphurizing agent is blown in 
either alone or in addition, so producing very low 
final sulphur contents quite cheaply. An instance of 
its application to a 2-3-ton charge is given in Fig. 11. 

The problem of extremely small residual sulphur 
contents is especially important, as is well known, in 
making nodular irons. 
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Fig. 10—Test Ba 203: 300 kg of basic Bessemer pig iron, 
7-2 kg lime + 2% Mg (percentage of lime weight) 
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Experiments with Compressed Air 

Using an entirely opposite approach, a series of 
desulphurization tests was carried out with com- 
pressed air as the carrying medium. 

Figure 12 shows a test carried out on 2300 kg of 
iron in a drum ladle used for transport as well as 
desulphurization. The weight of lime used corres- 
ponded to 2-2% of the weight of the iron treated and 
the total duration of the operation was 6 min. It 
will be seen from Fig. 12 that the sulphur content of 
the iron undergoes a marked fall from 0-062°% at the 
start to 0-012% at the end of the treatment, repre- 
senting a desulphurization efficiency of 80% (Table V). 

The carbon content does not vary appreciably 
during treatment, carried out at a temperature of 
1350° C, nor does the phosphorus content suffer 
any change, but the silicon decreases somewhat from 
1-65% to 1-42%. 

It is quite apparent, therefore, that a considerable 
degree of desulphurization is possible even using com- 
pressed air as the carrier gas for the lime powder. At 
first sight this may appear paradoxical and contrary 
to the principles already stated in this connection 
relative to the danger of oxidizing conditions. 

In practice, one must not lose sight of the fact that 
one of the characteristics of the process dealt with in 
this paper is the blowing of lime at a very high 
concentration in a carrier gas (as has been said 
above, the figure of 38 kg of lime per m® of gas 
was readily attained), so that the amount of oxygen 
carried in, when compressed air is used, is still very 
slight. 

Besides, at the treatment temperatures considered, 
this oxygen will attach itself to the silicon dissolved 
in the iron particularly quickly when it is in contact 
with a considerable excess of a basic element in finely 
divided form. The melt can therefore maintain its 
reducing conditions even when compressed air is used, 
on condition, of course, that there is an adequate con- 
tent of silicon. 

The use of compressed air, however, seems to make 
it more difficult to obtain very low residual sulphur 
contents: in the foregoing example the final content 
was only 0-012% and the slope of the curve of sul- 
phur evolution was then nearly horizontal. It was 
not found possible, during tests with compressed 
air, to obtain final sulphur contents of the order of 
0-005%. 
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Fig. 11—Test P45: 3000 kg of hematite pig iron. Ist 
stage: lime (2-8%) + nitrogen; 2nd stage: mag- 
nesium (0-04%) + nitrogen (percentage of metal 
bath weight) 


Practical Details 

In the 300-kg and even in the 2-5-ton apparatus, 
the thermal losses in these experiments, which were 
often separated by long intervals, obviously bear no 
relationship whatever to those to be found on an 
industrial vessel of 15 tons or more used for com- 
parable treatments. In any case, the technique 
actually employed requires that the desulphurization 
be carried out in a vessel serving also for transporting 
the iron, so that any temperature drop caused by 
transferring to a supplementary vessel is eliminated. 

What could be of some concern, nevertheless, is the 
drop in temperature due to the injection of nitrogen 
or any other non-oxidizing gas into the bath. It 
would therefore seem desirable to evaluate an upper 
limit to the thermal loss which could result from this 
cause. 

In the case of nitrogen, a corresponding maximum 
value for the temperature drop is obtained, assuming 
the gas leaves the treatment vessel at the temperature 
of the melt, as follows: 


Suppose that 20° C is the temperature of the nitrogen 
at entry, 
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and 1300°C is the temperature of the 
nitrogen leaving. 

0-25 keal/m*/°C is the mean specific 
heat of nitrogen, 

and 0-18 keal/kg/° C is the specific heat of 


1ron. 
Then for a gas consumption of 0-5 m® per ton of iron 
treated, 
0:35 x 0-5 x 1280 a 
7+ tance. -*e 

For a consumption of 1 m*/ton, commonly used in 
the course of these experiments, the temperature drop 
is therefore less than 3° C. The high lime concentration 
thus makes the thermal losses due to gas blowing very 
slight. 

A similar calculation for lime gives a value of about 
15° C for the temperature drop corresponding to the 
injection of a weight of lime equal to 1% of the weight 
of the iron treated, on the assumption that the lime 
finally attains the temperature of the bath of metal. 
Blowing the melt with a weight of lime equal to 2% 
of the weight of the iron will therefore produce a 
temperature drop of about 30° C. 

On the credit side of the thermal balance, account 
must also be taken of the calories introduced by the 
desulphurizing reaction itself, as well as by the 
inevitable oxidization of silicon by traces of oxygen: 
the total of this gain in temperature may be estimated 
at about 15°C in normal conditions. 

It can therefore be assumed that, for 1 ton of pig 
iron, the blowing of 20 kg of lime and 1 m$ of nitrogen 
will result in a temperature drop of about 20° C. 

The lime collected after the operation is powdery 
and light in colour; it contains, as is the case in the 
Kalling process, some metallic globules varying in 
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Fig. 12—Test P126: 2300 kg of semi-phosphorus pig 
iron (compressed air) 
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Table V 
CHEMICAL EVOLUTION OF TEST P.126 
Blowing 
athaeal ~ D Iphurizati 
Sample No. | Time — PO _ S, % Cc, % si, % Mn, % aicloney, o 

min kg 
P126, 0 ies } 0-062 3-1 1-65 0-41 
P126, | 13 13 | 0-040 3-1 1-56 oes 35 
P126, 3 25 0-024 3-2 1.54 “ep 61 
P126, 4} 38 | 0-016 3-1 1.47 ia 74 
P126, 6 51 0-012 3-2 1.42 0-41 81 











size from a fraction of a millimetre to several milli- 
metres in diameter. The proportion of these globules 
varies, but is usually appreciable, of the order of 
60 wt-% of the material collected after the treatment. 
These globules can very easily be recovered, e.g. by 
means of an inexpensive screening and magnetic 
separation process. 

Can the injection of nitrogen be detrimental to the 
pig iron, particularly by increasing its nitrogen 
content ? Experiments carried out by Kawabata® 
showed that the injection of nitrogen into the melt 
did not result in any gas being dissolved; the validity 
of this conclusion must, of course, be considered in 
relation to the actual methods of analysis used. 

In any event, the amount blown into the melt 
during the desulphurization treatment is negligible 
compared with the quantity normally used in the 
basic Bessemer process: these amounts are actually in 
the ratio of 1 to 300. It would seem, therefore, that 
blowing nitrogen through the bath does not give rise 
to any danger. 


CONCLUSION 
In conclusion, this new process of desulphurization, 
using high concentrations of lime in the gas, produces 
extremely effective conditions of contact between the 
desulphurizing agent and the liquid pig iron, owing 
to the use of immersed tuyeres. 
Using nitrogen, and adopting necessary precautions 


against the introduction of foreign slags, the process 
enables rapid and efficient desulphurization of the 
melt to be carried out, so that low residual sulphur 
contents (less than 0-:010%) can be attained in a few 
minutes. 

The addition to the lime of strong reducing agents, 
such as aluminium, facilitates the attainment of very 
low sulphur contents (less than 0-004°%). 

The effectiveness and the speed of this process, 
using inexpensive materials, enables it to be applied 
to very varied desulphurization problems; it can be 
used either in foundries for ordinary pig iron or 
special (nodular) iron, or in integrated iron and steel- 
works where the increasing amounts of sulphur coming 
in are now creating considerable technical and 
economic problems. 
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Study on a Model of Aerodynamics of a 


Maerz-type Open-hearth Furnace 


WITH PREHEATED GAS 


AND A COMPARISON WITH SIEMENS AND TERNI FURNACES 


By G. Husson, G. Cohen de Lara, and R. Durand 


IN A COMMUNICATION to the Centenary Congress 
of Mineral Industry at Paris in June 1955, the authors 
presented an aerodynamic study of the open-hearth 
furnace, based mainly on the Siemens and Terni 
furnaces heated by gases of low calorific value (pre- 
heated gases). 

As part of the general study undertaken at the 
Laboratoire Dauphinois d’Hydraulique on behalf 
of the Institut de Recherches ‘de la Sidérurgie, the 
authors have studied on a reduced model the gas 
flow and flames in a furnace of the Maerz type 
using preheated gas of low calorific value (the No. 4 
furnace of Hayange Works). In the present com- 
munication, the first results obtained on this type of 
furnace are given, and the operation of this furnace 
is compared with the Siemens and Terni types studied 
previously. 


CONDITIONS OF SIMILARITY AND TEST 
CONDITIONS ON MODELS 

In a diffusion flame, the fuel and air are introduced 
separately, and combustion can only occur when both 
have been mixed. As the flames of a steelworks’ 
furnace are always turbulent, molecular diffusion is 
then practically negligible by comparison with the 
turbulent diffusion. 

It is not necessary to recall here all the details set 
out in the first communication! on the validity of the 
cold reduced model for the study of the flames of 
open-hearth furnaces. 


We retained in the present study the relationships 
of similarity previously established for the study of 
Siemens and Terni furnaces. On a model with com- 
plete geometrical similarity to the real furnace, the 
inlets for gas and air inserted in the model should 
follow the analogy of Reynolds, i.e. the Reynolds 
number of the outflow R = VDp/y must have the 
same value on the model and on the real furnace. In 
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SYNOPSIS 

At the Centenary Congress of the Société de |’Industrie Minérale, 
which was held in Paris in June, 1955, the authors presented an 
account of results obtained on reduced-scale models of the aero- 
dynamics of a standard Siemens and a Terni-type Martin open- 
hearth furnace. 

The present paper completes this previous work by giving the 
relative results for a Maerz-type furnace. 1294 


the above equation, V = mean velocity of outflow 
in a characteristic section of the furnace, D = charac- 
teristic dimension of the furnace in the section where 
the velocity is V, p = specific mass of the gases, 
p. = dynamic viscosity of the gases. 

This similarity enables determination to be made 
of the air-inlets, conventionalizing on the model the 
combustible gases and those supporting combustion. 


Reduced Model of the No. 4 Furnace at Hayange 


For the No. 4 furnace, the dimensions of which are 
given in Fig. 1, a wooden model (1/10th scale) was 
made. In this case the similar velocities are of the same 
order of magnitude on the model and on the industrial 
furnace under operating conditions. As on the models 
of the previous furnaces, neither the doors nor the 
slag pockets, nor the recuperators and their checkers 
have been represented on the model. It has been 
assumed that no lack of symmetry in feeding the two 
air uptakes existed in the real furnace. By inserting 
in the model equal inlets, the flame obtained is well 
centred in the furnace and it is possible to determine 
the stoichiometric length of the flame. 

Tests were first made under normal working con- 
ditions of the furnace, by admitting a ratio of the 
theoretical air feed necessary for combustion to the 
feed of gas of 1-5. As the calorific power of the gas 
used at Hayange is greater than that of the producer 
gases studied previously, tests were also made with: 


Q theoretical air 
—_____—_—— =]1°3 
Q gas 
to allow a direct comparison of the Maerz furnace 
with Siemens and Terni furnaces. 
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Fig. 1—No. 4 O.H. furnace at Hayange: (a) longitudinal section, (b) plan at gas-burner level, (c) transverse section 


Measurement Principle 


As the combustible was conventionalized by slightly 
preheated air, temperature measurements made by 
means of ‘ thermistances ’ allowed the apparent con- 
tour of the flame, characterized by the surface where 
stoichiometric concentration is reached, to be deter- 
mined, i.e. where the temperature 6, is equal to: 


- 9GQg + Fae 
: Q, i Q, 
in which 6, = initial temperature of the air con- 


ventionalizing the gas, #, = initial temperature of the 
air conventionalizing air for combustion, Q, = feed 


of gas, Q = theoretical feed of air necessary for the 
combustion of the feed of gas Qy. 

The length of the flame is defined by the distance 
from the burner to the point on the axis where the 
temperature of the mixed gases in the model is equal 
to @,. It is obtained by measuring on the axis of the 
furnace (after making sure that the flame is well 
centred in the furnace) the temperatures at various 
distances from the burner. 


Arrangements for Observation and Measurement 


Exploration of the gas streams—Local exploration 
of the flow pattern is effected by means of a small 


CROSS SECTION 
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Qgas = 78 1./s, Qair = 106 1./s 


Fig. 2—Gas currents recorded in the furnace chamber (model) 
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Section 180 mm from burner 








Zones of 


recirculation 


Section 330mm from burner 














Qgas = 781./s, Qair = 1061./s, excess of air = 4:5% 


Fig. 3—Currents recorded in the furnace chamber 
(model) 


plastic propeller which is able both to turn and to slide 
on its axis. The ‘ push’ exerted by the gas current 
is sufficient, even at very low velocities, to displace 
the propeller towards the abutment ‘ downstream.’ 
This method proved very effective for all tests made 
with the object of localizing the zones of recirculation. 

Measurement of velocities—Measurement of veloci- 
ties, effected by means of a micro-Pitot tube (static 
recording and total recording) of 2 mm in diameter, 
enabled the distribution of the velocities at the exit 
of the gas burner and at the exits of the air uptakes 
to be determined. 

Measurement of concentrations—On the model, 
measurement of concentration is related to measure- 
ment of temperature. The difference between ‘air’ 
temperature and ‘ gas ’ temperature was about 30° C; 
the ‘gas’ was preheated by an electrical resistance 
situated inside the air inlet pipe. The accuracy of the 
concentration of combustible gas is of the order of 
1%. 

Test Conditions 

Initially, the operation of the Hayange furnace was 
studied by determining the effect of the excess of air 
and of the gas-feed on the length of the flame. Thus 
it has been possible to compare the actions of the 
three different types of furnace. 

Modifications in respect of the shapes and sections 
of the burner and of the uptakes, as well as of the 
slope of the back wall, enabled a study to be made of 
the effect of these factors on the length of the flame 
in the case of a Maerz furnace, i.e. one having at 
each end two air uptakes on each side of the gas 
burner. 
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Qgas = 78 1./s 


Fig. 4—Distribution of air velocities in model, 2 cm in 
front of gas-burner outlet 


The preliminary tests showed that the flame of the 
Hayange furnace was very sensitive to the differences 
in the feeds between the two uptakes, and the causes 
of the instability of the flames were studied, operating 
successively with unequal air-feeds and unequal cross- 
sections for the two uptakes. 


STUDY OF THE No. 4 FURNACE OF HAYANGE 
WORKS 
Starting from the measurements of the gas-feeds 
effected in the real furnace, the feeds of preheated air 
acting as substitutes on the model of these gas-feeds 
were determined. 
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Qair = 53 L./s 
Fig. 5—Curves of equal velocity of air at outlet of 
uptake, outlet-port side of model 
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To enable the results of these @) 
tests to be compared with those 
obtained previously on the 
other types of furnace, a gas- 
feed on the model of 78 |./s was 
chosen as standard feed, corres- 
ponding to a real feed of the 
order of 7500 m*/h. The gas- 
feed was later varied from 40 to 
100 1./s. The ratio theoretical 
air flow : gas flow was first made 
equal to 1-5, then to 1-3 for 
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comparison with the other 
furnaces. For an excess of air 
of 10% and a gas-feed of 78 1./s, 
the feed of air for combustion 
is 129 ]./s for Q air (theoretical) : 
Q gas=1-5, for the same values 
of the gas and air feeds, and 
when Q air (theoretical) : Q gas 
=1-3, the corresponding excess 
of air is 27%. 

The excess of air was taken 
successively from 0 to 20% with 
Q air (theoretical) :Q gas = 1-5, 
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Flow Pattern in the Furnace 
Chamber 

Observations were made of © 
currents in the chamber of the 
furnace as shown above, by 
means of a small plastic pro- 
peller which could both turn 
and slide on its axis. They are 
described as follows: 

Lower part of the chamber— 
As the gas burner is inclined at 
18° from the horizontal, the gas 
jet impinges from its outlet on 
to the bath of metal, spreads on 
the free surface of this bath, and 


034°42 










34-97 
iin OT 535-0 bans 5-0 JmnnS- OF ag 35° 3 { 934-9 









k3436  034-33/ 034-39 


34°49 





34-48 









3456 0345349 


©3476 





©3473 ©3479 








©34.96 —234-93___ 034-89 —_} 4-93 034-9 





aspires the air necessary for it 
to burn. This air, issuing from 
the two uptakes, impinges on 
the roof where the two jets mix 
together. It extends over the roof, then plunges towards 
the gas jet, as in the Siemens and Terni furnaces. 
The jet of air for combustion then spreads on the 
jet of gas and even manages to climb up the side 
walls of the furnace. The mixed gases then proceed 
towards the exit burners. 

Upper part of the chamber—The two jets of air come 
together again under the roof and proceed along it 
over a certain length of the furnace. The aspiration 
caused by the jet of gas in turn causes this single 
jet of air to dip towards the bath of metal, while 
under the roof a flow was observed recirculating along 
a small part of the length of the furnace (Fig. 2). 
At the end of the furnace the gases converge towards 
the exit flues in the whole cross-section of the furnace. 


Near the side walls of the furnace—Near the side 
walls, two important zones of recirculation due to the 
impetus of the jets of air and gas (Fig. 3) were observed 
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(a) 300 mm, (6) 500 mm, (c) 700 mm 
Qgas = 78 1./s, Qair = 106 1./s, excess of air = 4.5% 


Fig. 6—Temperatures in the model at varying distances from the burner 


at the ingoing end. Over the remainder of the furnace, 
the streams near the side walls proceed in the same 
direction as the flame. 

When functioning normally, the streams of gas 
are therefore characterized by the presence of a small 
zone of recirculation under the roof in the middle of 
the furnace, which transforms itself near the ingoing 
head of the furnace into two zones of lateral recircula- 
tion, the lengths of which can be as much as one- 
third of the length of the furnace. 

Measurement of the Outflow Velocities 

(a) At the exit of the gas burner—Figure 4 shows 
the curves of equal velocities obtained after 
measurements effected with the micro-Pitot tube 
2 em in front of the burner. It should be noted that 
the maximum velocities were found in the plane of 
symmetry of the burner. 

(b) At the exit of the air burner—Figure 5 shows 
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Fig. 7—Temperatures in the model along the vertical plane 


the curves of equal velocities in the exit section of an 
uptake. Since the uptakes are identical and fed in 
the same way, the pattern of velocities at the exits of 
these two uptakes are identical on the model. 

If the effect of the recuperators is disregarded, the 
maximum velocities are situated at the centre of the 
uptakes and nothing unusual is found in the velocity 
distribution curves. 


Representation of the Apparent Contours of the Flame 
in Various Cross-sections of the Furnace and in 
the Axial Vertical Plane 

Figures 6a-c represent the curves of equal tempera- 
tures of the flow on the model plotted through cross- 
sections at different distances from the burner. The 
thick curve represents the apparent contour of the 
stoichiometric flame. The thickness of this flame 
diminishes all along the furnace, as may be seen in 
Fig. 7 which represents the longitudinal section along 
the vertical axial plane of the furnace. It is possible 
to interpret these various temperature diagrams by 
referring to the diagrams of flow pattern in Figs. 3 
and 4. 

As the temperature of the completely mixed fumes 
was at 34-6° C for this test, it was observed that the 
recirculation current under the roof contained mostly 
‘smoke ’ of a mean value of 6 = 34° C, and the lateral 
recirculating currents consisted of a mixture of 
‘smokes’ and ‘air’ for combustion, with a mean 
value of @ = 33°C. 


Variation of the Length of the Flame as a Function of 
the Excess of Air 

The excess of air is equal to Qa—-Q;/Q: in which 
Qa = feed of air really blown, Q; = theoretical feed 
of air necessary for the burning of the feed of gas Qy. 

While the gas-feed Q, was kept constant and 
equal to 78 1./s, the air-feed was increased from the 
value @; corresponding to a zero excess of air. The 
results of the tests represented in Fig. 8 show that 
the length of the flame diminishes rapidly when the 
excess of air passes from 0 to 15%, then tends towards 
a limit when the excess of air exceeds 30%. 

Observations on the model showed that when the 
excess of air was increased for the same gas feed, the 
lengths of the zones of recirculation became pro- 
gressively smaller. There is a tendency towards a 
tunnel-like outflow, and much of the air in excess for 
combustion goes directly from the ingoing head of the 
furnace to the exit head without participating in the 
burning of the gas. It is then normal that the length 
of the flame should no longer be affected by any 
increase in this excess of air. 
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Variation of the Flame-length as a Function of the 
Gas-feed 

If the value of the ratio Qa : Q, is kept constant, 
a variation of the gas feed Q, corresponds to a varia- 
tion of the Reynolds number of the outflow at the 
exit of the ingoing gas burner, or to a variation of the 
gas momentum. 

Figure 9 shows the variations of the flame-length 
as a function of the gas-feed, with a constant excess 
of air equal to 4-5%. There is little variation in 
flame-length when the feed is less than 78 1./s, but 
this length increases progressively with greater feeds. 
The lengths of the zone of recirculation under the 
roof were increased by an increasing gas feed. 

Since, for a uniform excess of air, the feed of air for 
combustion has to be proportional to the gas-feed, 
an increase in the air-feed can cause a significant 
increase in the recirculating currents of fumes. 
Combustion is thus retarded owing to the dilution of 
the aspirated air by the jet, and the length of the 
flame increases. 

Studies are in progress with a view to elucidating 
this last point which appears very important for 
understanding the similarities of small cold models. 


Conclusion to the Study of the No. 4 Furnace at Hayange 
Works 
The tests carried out on the 1/10th scale model have 
revealed a small recirculation zone under the roof in 
the middle of the length of the furnace, and two 
considerable lateral recirculation currents capable of 
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Fig. 8—Variation of flame length as a function of the 
excess of air 
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occupying a third of the length of the furnace. With 
an increase in the excess of air the flame becomes 
shorter and the zones of recirculation smaller. With 
an increasing gas-feed and uniform excess of air, the 
flame grows longer and the zones of recirculation 
larger. 

COMPARATIVE STUDY OF THE AERODYNAMICS 
OF CURRENTS, AND OF FLAMES IN THE 
MAERZ, SIEMENS, AND TERNI FURNACES 

Gas flow pattern—The presence of two vertical 
symmetrical air uptakes on both sides of the gas 
burner causes the formation of two lateral recircula- 
tion currents which can occupy as much as one-third 
of the total length of the furnace. These recirculation 
currents practically do not exist in Siemens and Terni 
furnaces. 

On the contrary, the recirculating flow under the 
roof is very weak in the Maerz furnace, whilst it is 
very considerable in the Siemens type and can even 
occupy nearly the whole of the length of the Terni 
furnace. These recirculation currents draw the smoke 
towards the up-stream head of the furnace. 

Length of the flame—Figure 10 shows the varia- 
tion of the flame-length versus the excess of air of the 
three types of furnaces. With a given excess of air 
the Maerz furnace should give a much shorter flame 
than those obtained with the Siemens and Terni 
furnaces. 

These tests confirm the well-established reputation of 
the Maerz furnace for giving short real flames* in 
comparison with the long flames of the Siemens 
furnace. A comparison of the three curves of Fig. 13 
is very interesting, for it enables us to compare the 
functioning of the open-hearth process with the Terni, 
Siemens, and Maerz furnaces. 

During melting, the blowing of air for combustion 
into the Terni furnace enables relatively short flames 
to be produced because of a large excess of air. For 
example, on the small models, in order to have a 
600-mm long flame, 9-5% excess of air was needed 
for the Hayange furnace, 16% for the Siemens furnace, 
and 20% for the Terni furnace. 

When refining in the Terni furnace, the speed of 
the fan is reduced until it reaches zero at the end of 
this period. The flame gets longer, and so for very 
small excesses of air the flame-lengths obtained in 
all three furnaces tend towards the same value. 

The Maerz furnace thus appears to have the 
advantage of producing flames which could vary in 
length within very wide limits, depending on the 
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Fig. 9—Variation of flame length as a function of the 
gas feed with uniform excess of air 
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excess of air. This makes it possible, during a heat, 
to reduce considerably the excess of air and, in this 
way, to increase the thermal efficiency of the furnace. 
EFFECT OF THE MODIFICATIONS MADE TO THE 
GEOMETRY OF THE MAERZ-TYPE FURNACE 
ON THE FLOW PATTERN AND FLAME-LENGTH 
The dimensions of a furnace are continually modi- 
fied during use, the original shapes changing con- 
tinually owing to wear of the refractories due to 
temperature, and to dust contained in the gas streams 
which is projected on to the furnace walls. These 
modifications may have repercussions on the flow 
pattern in the furnace and on the length of the flame. 
The effect of ageing on the geometrical charac- 
teristics of the Hayange No. 4 furnace are examined 
with a view to elucidating the tendency of the varia- 
tion induced by each factor taken separately. 
Modifications which do not alter the symmetry of 
the streams and the centring of the flame in the 
furnace are dealt with below. 


Gas Burner 

(a) Effect of homogenization of the velocities at the 
exit of the gas-burner—A ‘ bee-hive’ was arranged in 
the burner, consisting of small tubes of nickel silver, 
which divided the air into channels and homogenized 
the velocities through the whole section at the exit 
of the burner. 

The zones of recirculation localized under the roof 
are then much larger than in the original furnace, 
whilst those in the vicinity of the side walls are 
smaller. The flow pattern thus obtained approximates 
very closely to that obtained in the Siemens and 
Terni furnaces. At the same time, the length of the 
flame has been increased from 730 to 860 mm, an 
increase of 18%. 

(b) Effect of the shape and the cross-section of the 
gas-burner—The section of the gas-burner was reduced 
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each uptake. The mean veloci- 
ties in the uptakes were thus 














kept equal to those of the 
original furnace. 

Arrangement No. 1—The air 
velocities were only increased, 
as compared with the original 
furnace, by obstructing that 
portion of the uptakes situated 
near the two walls, without 
modifying its longitudinal posi- 
tion in relation to the gas 
burner. The length of the flame 
then changed from 730 to 760 





140 
HAYANGE BURNER CIRCULAR BURNER |RECTANGULAR BURNER 
33 
ab? ae 
aes | iy ‘ k \ 
Shape and Y \y 
sections of - \ 
gos burners we) \ 
\ ) 
a5" a5! 
SECTION=24°5 cm2 SECTION#19 cm2 SECTION=19 cm2 
Flame 
length,mm 730 760 800 











mm. 
Arrangement No. 2—The sec- 
tion was made smaller by re- 











Qgas = 78 1./s, Qair = 106 1./s, excess of air = 4.5% 


Qair (th.) 


Qgas 9 





Fig. 11—Effect on model of shape and section of gas-burner 


on the model from 24 to 19 cm?, i.e. a reduction of 
about 25%, by giving to the burner either a round or 
a rectangular shape, the large side of it being vertical 
(Fig. 11). The gas-feed was kept constant at 78 1./s for 
these two tests. 

It was observed that reduction in cross-section 
tends to lengthen the flame, and that maximum 
elongation is with the rectangular shape. It was also 
observed that the dimensions of the recirculation 
zones under the roof are greater than those in the 
original furnace. 

It seems probable that the increase in the velocity 
of the gas involves an increase in the recirculation 
currents, which bring the fumes into the air for 
combustion and thus cause a lengthening of the flame. 
Supplementary studies are in progress. 


Air Uptakes 


The section of each of the two air uptakes was 
reduced from 56 cm* to 43 cm? on the model by 
arranging in each a wooden sheet (8 mm) in the four 
positions shown in Fig. 12. For these 4 tests, the air- 
feed was kept constant at 106-4 1./s, ie. 53-2 1./s for 


ducing the size of the uptake in 
the direction of the gas outflow. 
The length of the flame was then 
much shorter, since it changed 
from 760 to 660 mm, as com- 
pared with arrangement (1). 

Arrangement No. 3—The uptakes were put further 
from the gas-burner, while at the same time their 
longitudinal dimension was maintained, as for 
arrangement (1). The flame became shortened (690 
mm instead of 760 mm). 

Arrangement No. 4—The uptake was put further 
from the gas-burner by reducing the dimension along 
the length of the furnace, as in arrangement (2). The 
flame became longer (800 mm instead of 660 mm). 

These four tests showed the extreme sensitivity of 
the Maerz furnace in respect of the effect of the 
position of the two uptakes with uniform cross- 
sections. Interpretation of these test results is difficult, 
since the combustion phenomena taking place in the 
real furnace must always be taken into account. 
Actually, in arrangement (4), the air for combustion, 
on emerging, will draw gas in the space separating it 
from the ‘ upstream ’ head of the furnace so that the 
gas will burn in this part of the furnace, thus destroy- 
ing the refractories. On the model, the hot air 
simulating the gas drawn by the cold air coming from 
the uptakes impinged on the roof of the furnace, and 
had in the furnace chamber the same effect as the 


























HAYANGE MODIFIED FURNACE 
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Qgas = 78 1./s, Qair = 106 1./s, excess of air = 4.5% 


Qair (th.) 


Qgas 


= 1-3, emission rate of air brought to 
normal conditions: Hayange furnace, 


9-5 m/s; modified furnace, 12-3 m/s 


Fig. 12—Effect on model of shape and position of uptakes 
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MODIFIED HAYANGE FURNACE 


























HAYANGE FURNACE ASYMMETRICAL FURNACE SYMMETRICAL FURNACE 
ao. .14. 26 
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slope of ° 
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L,I70 , 1.170 , | 

Flame 

length,mm 730 700 730 











Qgas = 78 1./s, Qair = 1061./s, excess of air = 4.5% 


Fig. 13—Effect on model of slope of back wall on flame length 


fumes taken into recirculation in the general process. 
An increase in flame length (800 mm instead of the 
660 mm of arrangement (2)) was noted, but the lengths 
of the zones of recirculation under the roof were 
equal. This results, in arrangement (4), in originating 
a disturbing flame which, lightly licking the walls of 
the ingoing head as well as the roof, causes a dilution 
of the air for combustion accompanied by an increase 
in the length of the flame. 

Consequently, unless there is some serious anomaly 
detracting from the furnace’s operation, the flame 
becomes shorter when the distance between the 
uptakes is increased, and lengthens when the cross- 
section of these uptakes is reduced. 


Effect of the Slope of the Back Wall 


The back wall of the model was modified according 
to the arrangements shown in Fig. 13. No important 
difference was detected in the length of the flame 
obtained when the air-feeds blown into the two 
uptakes were strictly equal. On the other hand, the 
further the back wall is from the bath, the greater is 
the tendency of the flame to be thrown back towards 
this wall when the air-feeds in each uptake are not 
strictly equal. 


Effect of Partition Walls Placed between Air Uptakes 
and Gas-burner 
The dimensions of the partition wall built on the 
model are given in Fig. 14. 
A 25-mm high partition does not produce any 
change in the flow pattern in the furnace or in the 
length of the flame. This agrees with the factory tests 


made by Maerz.? A 50-mm high partition (50 em 

high in the real furnace) produces a slight shortening 

of the flame (700 mm instead of 730 mm). The 

partition wall plays the same part as increasing the 

distance of the air uptakes from the gas-burner. 

Effect of Length of Recirculation Zone Situated near 
Roof on Length of Flame 

All the tests described above were made with a 
well-centred flame in the furnace to enable measure- 
ment of the length of the flame to be made. The flow 
pattern diagrams drawn up for all the tests permitted 
comparisons of the lengths of the flames measured in 
the furnace chamber. 

It may be seen on Fig. 14 that the length of the 
flame increases with the length of the recirculation 
zone, whatever the test conditions in the model are. 
It is thus an established fact that the recirculation 
currents caused by fumes lead to a dilution of the 
air necessary for the combustion of the gas, thus 
involving a delay in the complete combustion of the 
gas fed in. The flame lengthens in proportion to the 
flow of recirculating fumes. 


Conclusion 

The modifications made to the geometry of the 
Hayange furnace enable the following preliminary 
results to be noted: 

(i) Shortening of the flame is obtained by removing 
the upward draughts further from the gas-burner or 
by arranging fairly high partition walls between the 
uptakes and the gas-burner 

(ii) The length of the flame is greater when the 
recirculation zone under the roof, which brings fumes 
towards the air for combustion, is larger. 
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Fig. 14—Effect of partitions on flame length 
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Fig. 15—Variation of flame length as a function of 
length of zone of recirculation under roof 


EFFECT OF LACK OF SYMMETRY IN FEEDING 
OF GASEOUS FLUIDS AND IN GEOMETRY 
OF FURNACE, ON POSITION OF THE FLAME 

IN RELATION TO THE AXIS 
In the course of the tests described above, it was 
seen that the flame was very sensitive to departures 
from symmetry produced in feeding the air for com- 
bustion. A fractional difference between the feeds 
issuing into the two uptakes was enough to throw the 
flame towards one of the side walls of the furnace. 
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Fig. 16—Distribution curve of air velocities 2 cm in 
front of outlet of modified gas burner 


For this reason a separate meter for recording the 
flow was inserted in each uptake. 

Assuming that in an actual furnace the recupera- 
tors, when newly built, do not cause any lack of 
symmetry in the feed of air for combustion, it is 
permissible to suppose that, in the course of the life 
of the furnace, departures from symmetry can develop, 
thus bringing about changes in the position of the 
flame. In fact it may be observed in steelworks that 
the flame is sometimes thrown towards the back wall 
or towards the front wall; this effect being generally 
ascribed to a defect in the alignment of the gas-burners, 
or to non-uniform wear of these burners. 

It was interesting to study the effects of departures 
from symmetry, created artificially in the model, on 
the position of the flame to determine their aero- 
dynamic causes and, proceeding from there to seek 
means of remedying them. 

Effect of a Departure from Symmetry in the Feed of 
the Gas-burner 

An obstruction placed in the burner enabled a 


e407 4ble Apparent contour 
of flame 


49a 
41-352L42-05 


"3965 °41-9 








Qgas = 78 1./s, 


Qair = 


61 1./s in each uptake 


of equal section, temperatures at 600 mm from 


burner 


Fig. 17—Displacement of flame position by modification of feed of gas to be burned 
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change to be made in the dis- 
tribution curve of the velocities 
at the exit of this gas-burner, 
as is shown by the curves of 
equal velocities obtained from 
the model. The gas jet deviates 








from the origin of the axis of the 
furnace. The result is that the 
flame is thrown towards the side 
wall situated in the direction of 
the gas jet (Fig. 16). 

In spite of the slight angle of 
deviation, it is observable that 
the two lateral recirculation 
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currents become definitely 
asymmetrical, and the gas jet is 
literally drawn to the side to- 
wards the wall (Fig. 17). This 
phenomenon is, in any case, 
well known in steelworks. 


Effect of a Departure from Symmetry of the Flow 
Pattern in the Uptakes 

(a) Different feeds are admitted into each uptake, with 
identical cross-sections—Figure 18 shows the positions 
of the recirculation zones and the apparent contours 
of the flame taken in the cross-sections of the furnace 
at different distances from the gas-burner with a ratio 
of the feeds in the two uptakes of 1-8. At 180 mm 
from the burner, the lateral recirculation zone situated 
near the uptake feeding more air is at first larger than 
the opposite recirculation zone. At 400 mm from the 
burner, this second zone has disappeared and the first 
zone, which has become smaller, is located in a corner 
of the furnace below the roof, but at the other side 
of the furnace: at 950 mm, it occupies the angle 
between the bath and the lateral wall opposite the 
uptake which gave the most feed. The recirculation 
zone has thus described a helix. 

The same pattern occurs with the flame which, 
centred in the first section, finds itself lightly laid flat 
on the bath and on the side wall corresponding to 
the uptake which gives the greater feed, and is then 
completely thrown on this side wall and on the roof. 

The air for combustion goes through a similar 
movement. On leaving the uptake, it impinges on 
the roof and goes to the side opposite the recirculation 
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Section at 680mm 


Section at 9SOmm 


Qair rising AR 


Qair rising AV st 


Fig. 18—Position of recirculation zones and flames in different transverse 


sections of furnace (model) 


zone. Air for combustion is thus successively found 
on the side wall and then on the bath. It will be easily 
understood that a furnace does not operate correctly 
in these conditions. 

(b) Different sections with similar feeds—Figure 19 
shows that the flame is thrown towards the side wall 
opposite the uptake having the maximum section, 
i.e. towards the side where the mean velocity is 
greatest, as in the test previously described. 

It might be questioned whether the determining 
factor of ‘centring’ of the flame is the velocity of 
the air at the exit of the uptake, or the momenta of the 
jets issuing from the two uptakes. The tests, the 
results of which are shown in Table I, demonstrate 
that the flame was thrown back on the side wall 
opposite the uptake, the jet of which had the least 
momentum (see Figs. 19 a and b, and 20), and that 
the flame was well centred in the furnace in spite of 
the difference in the sections of the two uptakes when 
the two momenta were equal. 


Conclusion 

The tests described above show the extreme sensi- 
tivity of furnace studied to the departures from 
symmetry introduced to the outflow and to the 
geometrical characteristics of the burners. 








Section of front air-draught 
Front) Qay Qag YBack Table I—EFFECT OF MOVEMENT OF AIR FOR 
WN cxceve pwall | Section of back air-draught COMBUSTION ON FLAME POSITION IN 
FURNACE 
a feed, | Movement, 
./s dyn | 
— Eee rte Be Pi: 2 a —_— Flame Position | 
QAR QAV GAR | GaAV | 
! 
l | | | 
Equal air feeds 78 | 53-2 53-2 | 8-2.104 6-3.10' | Thrown on back wall 
| (Fig. 19a) 
Feeds proportional to sections 78 40 65-6 | 9-6.104 9.6.10‘ | Thrown on front wall 
(Fig. 196) 
Any feeds 78 45 61 | §8-3.10' | 8-3.104 | Thrown on front wall 
Feeds corresponding to equal 78 49 57 | 7-1.104 7.1.10! | Flame in axis of furnace 
amounts of movement | 
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(a) QAV = 53-21./s, QAR = 53-2 1./s, Qgas = 78 1./s 
(b) QAV = 65-6 L./s, QAR = 40 1./s, Qgas = 78 L./s 


Fig. 19—Displacement on model of flame position caused by reduction of uptake section 
[Note: In the small diagram above right, the right-hand symbol should be Q4 p, not Q4 7) 


In order that a flame should be well centred in this 
furnace and flatten out well on the bath of metal, the 
momenta of the jets issuing from the two uptakes 
must be equal. 


GENERAL CONCLUSIONS 


The results of the tests described above relate to 
the aerodynamics of the No. 4 furnace of Hayange 
Works, of the Maerz type, with two uptakes issuing 
from either side of the gas-burner. It has been possible 
to establish that the flame of this type of furnace is, 
given uniform excess of air, much shorter than that 
of the Siemens and Terni furnaces, an opinion 
generally held in steelworks. 

The flame of the Maerz furnace is very sensitive to 
departures from symmetry in the outflow of gas in 
the uptakes of air- and gas-burners, or to the dimen- 
sions of the furnace. The criterion of ‘ centring’ of 
the flame is equality of the momenta of the jets issuing 
from the two air uptakes. 

The research programme on this type of furnace is 
being pursued simultaneously with that on the other 
types previously studied and will follow the lines given 
below: 
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(i) Study of the effect of the recuperators and the 
slag pockets 

(ii) Effects of the doors and parasite air inlets, which 
are probably very important owing to the presence 
of lateral recirculation currents 

(iii) Tests in steelworks on the actual cold No. 4 

Hayange furnace, by injecting air into the recuperators 

and into the furnace chamber. 

As the length of the flame is a direct function of the 
dimensions of the recirculation zone, it is intended to 
make efforts to extend the knowledge of recirculation 
in furnaces and, at the same time, of the similar con- 
ditions to be applied for using small cold models. 


References 


1. G. Husson ef al.: Rev. Ind. Min. (In the press). 

2. R. D. CoLuins and T. D. Tyter: J. Iron Steel Inst., 
1949, vol. 162, pp. 451-466. 

3. F. Bantu: Radex Rundschau, 1949, Part 2, pp. 65-70. 

4. W. Scumitt: Stahl u. Eisen, 1953, vol. 73, No. 25, 
pp. 1640-1644. 


APPENDIX 
ARTIFICIAL CENTRING OF A FLAME 


As the criterion of stability of the flame is the 
equality of momenta of the jets issuing from the two 
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Fig. 20—Centring flame by equalizing amount of 


air from upward draught of different cross-sections 
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Fig. 21—Centring flame by equalizing amount of air movement from uptake of different cross-sections 


uptakes, it should be possible to obtain this equality 
by adding some auxiliary momentum, equal to the 
difference between the two momenta in a furnace 
giving a flame thrown back towards a wall. ‘This 
auxiliary momentum could be made by injecting a 
small amount of air through a very narrow tube 
(5 mm dia.). 

Tests made on the model modified according to the 
sketch in Fig. 21, have enabled us to show that it was 
actually possible to centre the flame as represented in 
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the figure. However, the position of the end of the 
tube is important. The jet must be directed towards 
the roof and it must issue into the uptake in the 
vicinity of the gas-burner. 

This method of correction, applicable to other types 
of furnaces, makes it possible, in particular, to regu- 
larize the rolling of a furnace in which wear or the 
arrangement of the ‘ infra-structure ’ creates depar- 
tures from symmetry. It forms the subject of a 
French patent application made on 6th April, 1956. 
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A Study of Impact Tests and the Mechanism of 
Brittle Fracture 


By C. Crussard, R. Borione, J. Plateau, Y. Morillon, and F. Maratray 


SYNOPSIS 


The subject of brittle fracture is far from being understood, notwithstanding the large amount of work which has 


been devoted to it. 


Although the use of notched-bar impact tests has prevented many failures in service, the 


recurrence of accidents, such as occur in structures embodying welded plates, has raised doubts regarding the 


interpretation of transition temperatures. 


Suggestions of alternative tests have not led to any widely accepted 


change in the standard method of approaching this problem. Uncertainty in this field derives from the absence of 
sufficient knowledge of the mechanisms of fracture, since this is necessary prior to any evaluation of the merits and 


demerits of a particular test. 
with impact tests. 


The object of the present study is to clarify the fundamental phenomena associated 


It has been observed that fracture can be initiated either at the surface (at the root of the notch) or internally. 
With decreasing temperature the former mechanism gives way to the latter, associated with a zone of overlapping 


where a statistical study shows that the distribution of impact energies is bimodal. 


The presence of permanent 


bending and of regions of plasticity (as indicated by Fry’s etch) shows that fracture is always preceded by plastic 


deformation, even in the case of brittle specimens where fracture is initiated internally. 


The role of this preliminary 


plastic deformation was evaluated by making complementary low-temperature tensile tests, which led to the 
conclusion that slight deformation causes internal stresses which embrittle the metal, while heavy deformation 


subsequently reduces this embrittlement. 


In impact tests, plastic deformation modifies both the intrinsic brittleness 


of the metal, and the distribution of stresses, which can be used to explain the change from one mode of fracture 


to another. 


Above the temperature at which there is a change in the initiation of fracture, a further increase in ductility with 
temperature can be frequently observed. This increase is accompanied by a change in the appearance of the fracture 
surfaces (relative percentage of ‘ crystalline ’ and ‘ fibrous ’ areas), and is associated with a change in the mechanism 


of propagation of fracture. 


relative position of the ‘initiation transition’ and the ‘ propagation transition.’ 


The shape of impact-energy/temperature curves will thus essentially depend on the 


The effects of various metal- 


lurgical factors on this relationship have been investigated, and evidence is presented which shows the decisive role 


played by grain boundaries. 


I. INTRODUCTION 

IN BRITTLE MATERIALS such as glass, the 
mechanism of fracture is relatively simple; fracture 
begins at a crack already present in the material, 
such cracks being generally known as ‘ Griffiths 
cracks ’ after the name of the worker who introduced 
and developed this theory. Once initiated, a crack 
was considered to propagate by a loss of cohesion 
between atoms, without any associated deformation 
uf the material adjacent to the crack. Griffiths’s ideas 
led to a general theory of brittle fracture applicable 
to all materials, whereby a characteristic property 
called the fracture strength could be determined for 
each material, based solely on knowledge of the 
relevant theoretical cohesive strength, and the shape 
and size of any cracks or notches which were present. 
Brittle fracture was considered to occur when the 
maximum principal tensile stress* (determined by 
the theory of elasticity) reached the value of the 
fracture strength. 

This theory was naturally applied to the field of 
brittle fracture in metals, where the intrinsic fracture 
strength was renamed cleavage strength. 

In recent years, theoretical analysis has suggested 





* In glass it is possible to obtain brittle fracture even 
when the maximum principal stress is compressive, or 
when the whole stress system is compressive. Under 
these conditions, fracture occurs when a specific function 
of the principal stresses equals the fracture strength. 
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the unlikelihood or even the impossibility of the 
presence of suitable Griffiths cracks in metals (as 
intrinsic faults), and consequently an alternative 
theoretical explanation, where stress concentrations 
of suitable magnitude are associated with the 
presence of dislocations, has been proposed. 

This approach, suggested by Zener,” has led to two 
current groups of theories. It has been suggested 
that the initiation of fracture occurs by the moving 
dislocations, when several of them merge together,* 
or when they create vacancies through non-conserva- 
tive moments.* Alternatively, following Mott’s ideas, 
sufficiently large stress concentrations, leading to 
cleavage, may be created in the vicinity of an accumu- 
lation of dislocations® such as occurs at the inter- 
section of slip planes with a grain-boundary.® The 
occurrence of plastic deformation, however small, 
is a necessary condition for the initiation of brittle 
fracture, if the new theories are correct. Evidence 
for such a relationship between fracture and _plas- 
ticity has been obtained by Low.’ It is, however, 
not clear what characteristics are necessary for an 
accumulation of dislocations to act as a fracture 
nucleus. In particular, alloys which show yield- 
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Table I 
COMPOSITION OF STEELS, %, 
Steel Cc Si Mn Ss Pp Ni Cr Al N | 
A 0-12 0.03 0.55 0-034 | 0-015 0-20 0-04 0-010 to 0-020 a 
B 0-062 | <0-01 0.28 0-023 | 0-026 ee Ke 7m 0.007 | 
C1 0-008 0.03 0.09 0-031 | 0-160 es = us 0-012 | 
C.2 0-007 0-03 0-20 0-023 | 0.099 ze 2 a 0.015 








point phenomena can be shown to exhibit micro- 
plasticity®:® before reaching the upper yield point, 
and it is not known whether the accumulation of 
dislocations resulting from this is sufficient to cause 
fracture, or whether it is necessary to exceed the 
upper yield point. 

One of the objects of the present study is to 
investigate this point, and to establish, especially in 
the case of mild steel and very low carbon steels, the 
magnitude of the deformation necessary to initiate 
cleavage fracture. 

Metallurgists have spent much time in devising 
a suitable test whereby the practical dangers of the 
brittle fracture of steels could be reduced. The oldest 
and most common method is the impact test. Par- 
ticular importance has been attached to the transition 
temperature which is obtained in such tests. Careful 
study of this test, and of other more complex tests of 
ductility, has shown that this transition is not a 
simple phenomenon, and that it is necessary to 
distinguish between ‘transition fracture’ based on 
an examination of fracture facets, and a ‘ ductility 
transition,’ based on the possibility of obtaining 
brittle fracture.1° It is proposed to replace these 
vague terms by the more explicit nomenclature of 
‘ propagation transition ’ and ‘ initiation transition ’ 
respectively, the justification for this change being 
given in the present paper. 

How is an abrupt change in ductility to be 
explained? In the light of the simplified theory 
of critical cleavage strength mentioned previously, 
it is possible to propose a solution on the following 
lines. A metal will either crack or yield plastically: 
if the elastic limit is reached before the applied 
stress equals the fracture strength, plastic deforma- 
tion will occur, and the metal will be ductile; if the 
applied stress reaches the fracture strength first, the 
metal will be brittle. There are reasons to believe 
that cleavage strength is relatively insensitive to 
testing conditions, while the elastic limit is affected 
greatly by three major test variables known as 
factors of embrittlement (temperature, rate of loading, 
and triaxiality of stresses) whose effects have been 
shown to be equivalent by Castro and Gueussier.!! 
In particular, lowering the temperature appreciably 
raises the elastic limit, thus a metal which is ductile 
at elevated temperatures can become brittle on 
cooling. A transition temperature can thus be 
explained, to a degree dependent on the validity of 
the fracture theory on which the explanation is 
based. Since the theories prevalent today consider 
plastic deformation as a necessary concomitant 
to brittle fracture, one of the objects of this study 
has been the investigation of any evidence for the 
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occurrence of plastic deformation during impact 
testing, especially in the case of ‘ completely brittle ’ 
specimens. The conditions under which such deform- 
ation is produced have also been examined. 

This part of the research necessitated a close 
analysis of impact-energy transition curves, especially 
in the case of mild steel, where there exists a marked 
scatter in the results in the vicinity of the lower end 
of the transition zone. Cornu-Thenard! had already 
suggested as early as 1920 that the results in this 
zone might be interpreted in terms of a sharp transi- 
tion from a brittle level to a more ductile level. 
Such an arrangement based on two levels of energy 
seems also present in the case of un-notched speci- 
mens.!3 It was, however, considered that a statistical 
analysis would be necessary to confirm these specu- 
lations. Independent experiments in the United 
States!4 and at IRSID have shown that the distri- 
bution is definitely bimodal. Continuation of this 
work has lead to an explanation of these results; 
some of which have previously been mentioned 
without published details!’ or only with very brief 
details.1* These are included in the present paper. 


II. MATERIALS AND EXPERIMENTAL METHODS 
Experiments have been made almost exclusively 
on mild and very low carbon steels. Three principal 
melts were used: 
Steel A: O.H. mild steel, killed with Al (only). 
Steel B: Basic Bessemer steel of low non-metallic 
content 
Steel C: Pearlite-free, extra low carbon steel.* 

Specimens from two heats of steel C were obtained 
through the kind co-operation of the Domnarvet 
works (Sweden) and Dr. Josefsson, who has already 
emphasized the exceptional ductility of this steel.!® 
The authors would like to express their grateful 
thanks for this material. The analysis of these steels 
is given in Table I. 

Other rimming steels were used to a minor extent, 
as well as an air-hardening steel (0-:3°% C, 3% Ni, 
1-5% Cr), and a Cr—Mn-Si steel (0°4% C, 1-2% Si, 
1-0% Mn, 1-10% Cr). 

Impact tests were the most important and most 
numerous of the experiments conducted. The statisti- 
cal study used for investigation of the bimodal 
distribution of energy levels required a large number 
of results, and in certain cases up to 150 tests were 
made at any one temperature. Altogether, the 





* This type of material should be considered as 
‘iron’ rather than ‘steel,’ but the word ‘steel’ has 
been retained on account of its use by the inventor of 
the material, Dr. Josefsson, and by virtue of the method 
of manufacture. 
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Table II 
DETAILS OF SPECIMEN CONTOURS 
f | 
a Reference yg " heey of Depth Docks notch, 
U UF 1 5 
(normalized) 
U GR 3 5 
(large r) 
Vv V 0.25 2 











(U-shaped notch was most frequently used) 


present study involved nearly 10,000 tests, made on a 
normal Charpy machine. Details of the specimen 
notch contours are given in Table II. 

Specimens varying in width from 3 to 50 mm were 
used to allow a progressive variation in the degree 
of triaxiality, and these sizes encompassed the 
normal specimen dimension of 10 mm. Parallel slow- 
bend tests were conducted on specimens of identical 
dimensions. The Amsler machine used for this 
purpose was adapted so that a knife-edge and stops 
were in the same relative positions as on the Charpy 
machine, and due provision was made for cooling 
specimens to a temperature approaching —160° C 
by means of iso-pentane and liquid nitrogen. The 
machine registered the deflection of the specimen 
as a function of the applied load on the knife-edge, 
whose rate of displacement was 4 mm/min. Exten- 
sive use was made of optical and electron micro- 
graphic and macrographic techniques, to obtain 
maximum information from specimens fractured by 
bending. Fry’s etch was the main macrographic 
reagent employed, and served to indicate areas 
which had been plastically deformed. Specimens 
were tempered for 15 h at 150° C to precipitate 
nitrides, and they were subsequently sectioned at 
right-angles to the root of the notch, generally along 
the central plane of the specimen. The surface of 
this section, or occasionally the actual surface of the 
specimen itself, was polished metallographically to 
the coarse alumina stage, and then etched in the 
following reagent: 

HCl: 120 cm?® 
CuCl,: 80¢ 
H,O: 100 cm® 

After etching for 5-10 min, the surface was washed 
alternately with hydrochloric acid and ammonia, 
and finally with water. This method was used 
particularly on steel C which had a fairly high nitrogen 
content. It should be remembered that this etch 
reveals areas which have been deformed beyond the 
upper yield point, and where deformation accelerates 
the precipitation of nitrides at low tempering tem- 
peratures. 

Optical micrography was used for two purposes; 
examination of the structure of the metal (grain-size, 
carbide dispersion, grain-boundary characteristics), 
and as a tool for following the path of fracture. 
In the latter case, two procedures were used: (a) 
direct study was made of the fracture surface, which 
had been nickel-plated before metallographic prepara- 
tion, or (b) the microscope was used in fitting together 
the two fracture surfaces. This rejoining was fre- 
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quently obstructed by the presence of small shear-lips 
at the edges, even in the case of brittle fracture, and 
these lips had to be removed by a file, before the 
fracture surfaces could be joined. With a reasonable 
proportion of brittle fracture, such a reconstitution 
of the specimen allows an almost perfect matching 
in the zones of ‘ crystalline ’ fracture, and thus allows 
an estimation of the angle of bend at the time of 
initiation of the brittle fracture: it should be remem- 
bered that brittle fracture occurs almost instan- 
taneously, in contrast to the slow tearing process 
which produces the fibrous portion of fracture. 

Electron micrography was used in the form of a 
special technique which might be called microfracto- 
graphy.*® This can be considered an extension of 
the techniques of fractography used by metallurgists 
and metallographers, and exemplified by the work of 
Zapffe,2° and which allows the use of extremely high 
magnifications. The applications of optical micro- 
scopy to the study of fracture are considerably 
obstructed by a low depth of focus, which renders 
work on non-planar surfaces almost impossible. 
The electron microscope has a considerably larger 
depth of focus, and to exploit this, techniques of 
producing suitable replicas have been developed. 
By evaporating carbon in two stages under vacuum, 
and subsequently removing it from the substrate by 
electrolytic polishing, excellent photographs of heavily 
contoured surfaces may be obtained. The utility 
of this technique is shown by the illustrations given 
in this paper. 

In addition to slow bend tests, use was made of a 
Chévenard microtensometer, specially adapted to 
allow tensile tests at liquid nitrogen temperatures. 
Tests were conducted at room temperatures and at 
—196° C, on un-notched specimens 1-5 mm dia. 
and on specimens 2-0 mm dia., containing a circular 
V-shaped notch with a root radius of 0-2 mm and 
leaving a cross-section also of 1-5 mm dia. This 
notch does not represent a very large constraint, but 
it was considered that any attempt to increase the 
severity of the notch would introduce a degree of 
scatter which would endanger the interpretation of 
results. 

These microspecimens were examined metallo- 
graphically after plating with nickel and cutting a 
transverse section. As well as observing the path 
of fracture, occasional specimens were subject to 
X-ray examination and the heterogeneity of deforma- 
tion was estimated by an analysis of the size and 
diffuseness of Debye rings. 


Ill. EXPERIMENTAL RESULTS 


(A) Statistical Study of Notch-toughness Evidence for 
Existence of Bimodal Distribution of Energies 

Earlier statistical analyses of an O.H. rimming 
steel have already been published.t> 16 The main 
conclusions are set out below: 

1. The region of maximum scatter associated with 
the transition curves of specimens UF (Table II) 
is due to the co-existence of two modes of fracture 
at the same temperature. The brittle and ductile 
components of fracture may be separated by an 
analysis of the impact energy, the lateral contraction 
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at the root of the notch, or the angle of bend. The 
values of these parameters can be shown to fall into 
two groups at each temperature (bimodal distribu- 
tion). 

2. The variation of the percentage of ductile 
fracture with temperature can be _ satisfactorily 
expressed by an S-shaped (Galton) curve, obtained by 
integrating the Laplace—Gauss distribution function. 
It is well known that such a relationship is frequently 
obtained when it is desired to represent the variation 
of the probability of occurrence of a phenomenon 
implying a stochastic ‘ choice’. 

3. It is therefore possible to define accurately the 
zone in which the ‘ initiation transition’ occurs and 
to indicate its position and width by the two para- 
meters which define the S-shaped curve, (a) transition 
temperature (the temperature for which 50% of the 
fractures are ductile), (b) standard deviation of the 
temperature-dependant variable which leads to the 
Gaussian distribution previously mentioned. 

The standard deviation allows definition of the 
limits of the transition zone in terms of the probability 
of obtaining ductile fracture.1® 

4. These parameters may be obtained by several 
methods, two of which deserve special mention: 

(i) Probits’ method where experimental points can 
be made to cluster around a straight line (Henry’s 
line) on paper with special Gaussian co-ordinates. 
If 100 specimens are used in groups of 25 at four 
different temperatures, the transition temperature 
can be estimated to + 4° C with probability of 95%. 

(ii) Karber’s method?! which allows the estimation 
of the transition temperature with an equivalent 
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(a) 5-mm notch (6) 2-mm notch ' 
O = V notch; 1 = specimens UF; 3 = specimens GR; C = impact 
test; S = slow bend test 


Fig. 1—Effect of different notches on fracture-energy 
temperature curves obtained by impact and slow 
bend tests 
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Fig. 2—Histogram of specimens GR broken by slow 
bending at — 140°C (15 specimens) 


accuracy (+5° C with 95% probability) using only 

10 to 50 specimens. This method has, however. 

the disadvantage of not permitting an estimation of 

the width of the transition zone. 

5. In some cases it is difficult to establish con- 
clusively the existence of two distinct populations* 
of impact strength at the same temperature (this 
point will be elaborated subsequently); the methods 
which have been described can still be used in these 
cases if the transition temperature is given the 
alternative definition of ‘the temperature at which 
50% of the fractures gave impact strengths >3% 
kg.m/em2.’ In the case of more sharply defined cases 
of bimodal behaviour, it has been shown that this 
definition leads to a transition temperature which 
differs only 4-5° C from the value defined above (3); 
in the case of steel C the agreement is less obvious, 
and it is necessary to stipulate a higher level of 
energy than 3 kg.m/cm?. 


(B) Existence of Bimodal Distributions of Energies in 
other Tests 

Experiments were made to establish whether the 
bimodal distribution of energies in the case of 
specimens UF was a general phenomenon, and 
whether there always exists a critical zone of temper- 
ature where the fracture energies distribute them- 
selves on two separate curves (* brittle and ‘ ductile ’). 
Therefore it was decided to vary the two other 
factors of embrittlement, viz. speed of testing, and 
triaxiality of stresses. This group of experiments 
was made with steel A. 

1. Effect of varying the notech—Figure 1 shows the 
curves obtained by employing the different notches 
shown in Table II and using depths of 2 and 5 mm 
for each notch shapet (curves C). For specimens 
with a U-notch, the separation of energies in the 
transition zone is quite sharp. For specimens with 
a V-notch the separation is not obvious, but it can 
be shown, by using 100 specimens at each tempera- 
ture, that there exists a temperature zone in which 
the impact energies do not fall in a normal gaussian 
distribution. It is possible to separate the energy 
values into two groups by trial and error, these 
groups then showing normal distributions and giving 
separate curves as for the specimens with U-notches. 





* * Populations ’ used in the statistical sense 

+ Dupuy, Mellon, and Nicolau®* have shown that one 
consequence of varying the depth of the notch is a 
tendency for the impact energies to separate into two 
groups, with few intermediate values. 
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Fig. 3—Effect of specimen width on fracture-energy/ 
temperature curves. Lower curve common to 
all specimens; width shown for each of upper 
curves 


2. Effect of reducing the speed of testing—The 
object of using slow-bend tests was to establish 
whether the bimodal distribution of energies was 
specifically associated with the dynamic character 
of impact testing. The slow-bend apparatus has 
already been described in (II). 

Figure 2 shows that the distribution of ductility 
(measured here by deflection instead of fracture 
energy) is again bimodal, except in the case of 
specimens with sharp notches. The transition tem- 
perature is distinctly lower than in the impact tests, 
and the reduction corresponds to an apparent activa- 
tion energy of about 10,000 cal/mole irrespective of 
the type of specimen. 

The increase in ductility is smaller for a given 
type of specimen than in the case of impact tests. 
Since the transition temperature is lower, this 
reduction of ductility may be due solely to the effect 
of temperature on the plasticity at the root of the 
notch (Fig. 1, curve S8). 

However, it is demonstrated that the bimodal 
distribution of fracture energy is not specifically 
associated with impact, but occurs at all the rates of 
testing studied. 


3. Effect of specimen width—Castro and Gueussier!! 
have shown that triaxiality can be altered by specimen 
width, and this offers an additional method of 
investigating the effects noted above (1). Triaxiality 
is generally dependent on two parameters, but in 
the present case it can be considered that in the 
centre of the specimen (where fracture will take 
place) the triaxiality increases with increasing speci- 
men width, at least in the elastic range. It will be 
seen below (Z) that once plastic deformation has 
taken place, triaxiality will be dependent both on 
the geometry and the plastic properties of the speci- 
men. More detailed consideration of this problem 
could be obtained by utilizing the concept of ‘ plastic 
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power ’ introduced by Schnadt, but this would require 
too much space, and would not be of great use, as 
the present work leads to conclusions which are better 
interpreted by other concepts. Thus, the term 
‘ triaxiality ’ in this paragraph is intended to refer 
solely to its significance in elastic conditions, without 
taking into account (or denying) modifications which 
might have to be made through the onset of plastic 
deformation. 

Castro and Gueussier have shown that a variation 
in temperature and in triaxiality can be considered 
roughly equivalent, and it is therefore of interest to 
compare the effect of these two factors on the bimodal 
distribution of impact strength. Figure 3 shows the 
shape of the impact-strength/temperature curves for 
specimens of different widths. The two branches 
representing ductile and brittle failure are shown 
only for the temperature interval in which the two 
modes of fracture overlap. Bimodal behaviour is 
seen to exist for all specimen sizes tested, but the 
most interesting feature of the curves is that the 
branches representing brittle fracture superimpose for 
all specimens, as if brittle fracture were essentially 
independent of triaxial conditions. The energy 
required to produce ductile fracture is, by contrast, 
very sensitive to triaxiality, and displacement of the 
ductile fracture branches causes significant alterations 
in the transition temperature. This effect is an 
example of a general tendency which will be illus- 
trated in other parts of this study. 

Figure 3 may be used to construct the surfaces of 
the temperature-triaxiality-ductility relationship in 
impact tests, and leads to a figure consisting of two 
overlapping surfaces.* Hence it can be considered 





* This result may at first sight seem contradictory 
to the results obtained by Gueussier and Castro. In 
fact the results are in agreement, and the apparent 
difference is traceable to the temperature intervals which 
have been reduced to facilitate the observation of 
bimodal behaviour 
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Fig. 5—Effect of C-content on jump in fracture energy 
at initiation transition. Specimens machined from 
same material, as-rolled 


that in the zone where bimodal distributions are 
encountered, triaxiality plays a role equivalent to 
temperature. 

It is seen, however, that when the results are 
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Fig. 7—Histogram of distribution of fracture-energies 
at 80° C for embrittled Ni-Cr steel (22 specimens 


examined in detail, the equivalence of temperature 
and triaxiality is not perfect, since in Fig. 3 the 
curves obtained for specimens 5 and 6 mm wide 
rise more rapidly than the others. Figure 4 shows 
that if the transition temperature is plotted against 
specimen size, there is an abrupt change in direction 
in the curve at a point equivalent to a specimen size 
of 5-6 mm. The influence of triaxiality is therefore 
not as continuous as that of temperature, as there 
appears to be a critical dimension beyond which the 
appearance of the ductile fracture curve changes 
rapidly in shape and position. 

The influence of specimen size is thus more complex 
than one would estimate trom the progressive varia- 
tion of elastic triaxial effects at the centre of the 
specimen. Since the discontinuity occurs on the 
‘ductile’ fracture curve, it seems necessary to 
consider that a change in the mechanism of plastic 
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(a) Ni-Cr steel, O.Q., tempered 1 h at 625°C, W.Q. (b) Cr-Mn-Si steel, O.Q. from 920°C, tempered 30 min at 650°C, then 1 h at 550° ¢ 


Fig. 6—Fracture-energy/temperature curves. Each point is mean fracture energy from 6 tests, dotted curves 
indicate upper and lower values obtained (bimodal behaviour) 
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Fig. 8—Fracture-energy/temperature curves for 
pearlite-free steel, as rolled 


deformation in the region of the notch is responsible, 
and this will be considered in the subsequent discus- 
sion. 


C) Influence of Metallurgical Variables on the Bimodal 
Distribution of Fracture Energies 


In order to demonstrate the general nature of 
bimodal distributions of energy, the statistical 
analysis on specimens U F was repeated with different 
steels and different heat-treatments. 


1. Effect of composition and manufacture—-It has 
already been shown that bimodal behaviour occurs 
in both O.H. rimming steel and O.H. killed steel 
(steel A). Similar effects can be demonstrated with 
the basic Bessemer steel B, and other steels of this 
type. Figure 5 shows the effect of carbon content in 
rimming steels on the height of the energy step obtained 
when brittle fracture changes to ductile fracture at 
the ‘transition of initiation.’ There is effectively 
no change in fracture energy for very low carbon 
contents, but the height of the step increases rapidly 
above 0-04% C. This figure cannot be considered 
as intrinsically associated with carbon, since varia- 
tions in carbon content were obtained through 
different methods of deoxidation, and each carbon 


for 10 h at 500° C, the transition temperature was 
raised from —116° C to + 56° C, but the magnitude 
of the step was reduced to such an extent that it 
could only be detected after testing a considerable 
number of specimens (Fig. 7). An interesting effect 
was obtained for the Cr-Mn-Si steel in an embrittled 
condition (Fig. 6). The right-hand portion of the 
ductile branch of the curve, if extrapolated, would 
pass below the brittle curve, but in fact exhibits 
a plateau where, over a reasonable range of tempera- 
tures, the fracture energy does not vary appreciably. 
In contrast to the alloy steels where the step occurs 
at low fracture energies, steel C (pearlite-free, extra 
low carbon) exhibits bimodal behaviour in a zone 
where the fracture energy is appreciable (Fig. 8). 
The upper ductile curve does not show any marked 
fall, and in consequence the lower brittle curve extends 
into the higher energy range. The bimodal behaviour 
is thus well marked, as well as the step in the fracture 
energies in the corresponding range of temperature, 
and steel C thus behaves differently from the dead- 
mild steels shown in Fig. 5. This is most evident 
when the results for a V-shaped notch are compared. 
It is of interest that transition curves analogous to 
Fig. 8 have been obtained by Allen and Rees?* on 
pure Fe-C and Fe—-C—Mn alloys. 

Steel C and the Cr—-Mn-Si steel in an embrittled 
condition thus lead to extreme forms of transition 
behaviour, with ordinary mild steels giving rise to 
intermediate curves. It should be noted that the 
shape of the curves and the difference (or step) between 
the brittle and ductile fracture energies depend essentially 
on the relative positions of the brittle and ductile branches 
on the temperature scale. 


2. Influence of Heat Treatment—Specimens of 


steel B and form UF were subjected to a wide variety 
of heat-treatments. 

In one series of experiments, the effect of three 
rates of cooling were compared: oil, air, and furnace 
cooling from 925° C. The relevant transition curves 
are shown in Fig. 9, and the associated transition 
temperatures listed in Table III. It is again evident 
that the brittle curves effectively superimpose, while 
there is an appreciable displacement of the ductile 
curve. Bimodal distributions become more notice- 
able with increasing rates of cooling. 

The microstructures corresponding to these heat- 
treatments show in each case ferrite grains, with 





content has an associated oxy- 10 

gen figure. It is possible that 

oxygen may play an important 

role, and it may also be neces- 

sary to consider residual quan- pA 

tities of deoxidants, e.g. phos- a. 9 

phorus in the case of steel C. a 
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II) in an unembrittled con- —_— | 
dition is similar to those ob- -40 -20 oO +20 -20 0 -1IO O +10 
tained with some of the mild TEMPERATURE, C 


steels (Fig 6), and shows an 
appreciable step in the scatter 
zone of the transition. After 
embrittlement by tempering 
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(a) Oil-quenched () Air-cooled (normalized) (¢) Furnace-cooled 


Fig. 9—Effect of rate of cooling from austenitizing temperature on 
fracture-energy temperature curves of a Bessemer mild steel 
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Fig. 10—Effect of step-quenching on fracture-energy 
temperature curves, furnace cooling from 925 C 
interrupted by W.Q. at temperature T 


islands of pearlite outlined by cementite. The latter 
was most extentive in the furnace-cooled specimen. 
The major structural difference caused by these heat- 
treatments lies in the ferritic grain-size, which is 
smallest for the oil-quenched specimen (Table IIIa). 
The hardness increased with faster cooling rates, which 
may be largely attributed to the differences in ferritic 
grain-size, but may also be affected by differences in 
the mode of precipitation of carbides. These two 
factors can thus be considered responsible for the 
variations in transition temperature. 


Another series of heat-treatments consisted of 


interrupting furnace cooling at sub-critical tempera- 
tures by a water quench (Table IIIb). Specimens 
were austenitized at 925° C for 30 min and cooled 
at the rate of 20° C/h, before water quenching. The 
resulting transition curves are shown in Fig. 10. 
Except in the case of the specimen quenched from 
700° C, where there is a significant degree of bimodal 





Table III 
EFFECT OF HEAT TREATMENT ON SPECIMEN 
STRUCTURE 
(a) Treatment as shown 
(6) Furnace cooling interrupted by W.Q. 





a ea ia Transition 
Treatment Grain Size 


(ASTM) Temperature, 

(a) 0.Q. 8 25 

Air-cooled 7-8 14 

Furnace-cooled 6-7 12 
Furnace-cooling 

interrupted 

(b) 700 7 15 

650 6-7 43 

600 6-7 24 

550 6-7 11 





distribution (despite the small difference in fracture 
energies), the curves appear continuous, and the values 
of the transition temperature quoted in Table I1I+ 
are based-on the definition of transition temperature 
given in III (A) 5. 

It should be noted that full furnace-cooling and 
stage-quenching from 550° C give almost identical 
curves, and that the microstructures for these two 
treatments were also identical. It can therefore be 
concluded that the rate of cooling below 350° C does 
not affect the impact-strength if transformation has 
been completed above this temperature. 

The microstructure of specimens stage quenched 
from 550°, 600°, and 650° C showed a uniform 
ferritic grain-size of ASTM 6-7, with ‘islands’ of 
pearlite at the grain-boundaries bordered by pre- 
cipitated cementite (Fig. 11). The only difference 
between specimens was the degree of fine intra- 
crystalline precipitation of cementite, which was 


_ 
fa, 
\ id 
‘oe 
\ 
‘ 
. F 
a 
te 
(a) Cooled from 925° to 550 (b) Cooled from 925° to 700° « 
Fig. 11—Specimen of steel B, furnace-cooled, then water-quenched x 600 
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Fig. 12—Appearance of fracture for Cr-Ni and Cr-Mn-Si steels whose fracture-energy temperature curves are 
shown in Fig. 6 


more extensive at the lower temperatures, and there- 
fore correlates with the change in transition tempera- 
ture. 

The specimen stage-quenched from 700° C gave an 
entirely different microstructure (Fig. 12); islands 
of martensite are evident, surrounded by a border of 
troostite. The grain size is slightly smaller (ASTM 7) 
and more irregular. A further distinguishing feature 
is that the grain boundaries are unevenly attacked. 

It is now necessary to investigate the reason for 
the improvement in impact properties on passing 
from a _ stage-quenching temperature of 650°C 
(which appears to give the worst properties in the 
whole series of heat-treatments) to the higher 
temperature of 700° C. This improvement cannot 
be accounted for by grain-boundary precipitation 
of carbon, or any associated change in the carbon 
content of the grains, since the results at 550°, 
600°, and 650° C show that such precipitation is 
increased by decreasing the temperature. Changes 
in grain-size seem to be too small to account for a 
change in transition temperature of the magnitude 
observed, and so interest centres on the remaining 
microstructural feature of intergranular islands. 

Aubertin®® obtained various grain-boundary struc- 
tures by the following heat-treatments on a 0-032% C 
steel produced by an oxygen-enriched basic- Bessemer 
process: 

(i) Slow cooling to 740° C followed by isothermal 
treatment in salt baths at temperatures between 
700° and 600° C, isothermal transformation being 
interrupted after suitable times by water quenching 

(ii) Direct isothermal quench (in salt bath) to 
700°, 650°, 600°, 550°, and 500° C, 

Heat-treatment (ii) at temperatures between 500° 
and 650° C resulted in grain-boundary structures 
consisting solely of thin films of cementite; Charpy 
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impact tests showed that these structures were 
ductile between 0° and 50° C (ZF =10 kg.m/cm2). 
The other heat-treatments resulted in appreciable 
quantities of intergranular islands of a roughly 
triangular shape. These islands are either marten- 
sitic (in the case of short periods of isothermal trans- 
formation) or pearlitic with a border of cementite.* 
Therefore it appears that during isothermal decompo- 
sition, there are islands of residual austenite which 
sometimes decompose extremely slowly; complete 
transformation (heat-treatments above, (i)) took 
4 h at 700° C and 30 min at 600°C. There is no 
doubt a concentration of alloying elements as well as 
carbon in these areas. The impact properties of 
these structures was inferior, the fracture energy 
being 4-5 kg.m/cm? at 0° C, and 11-12 kg.m/cm? at 
40° C, with a scatter (bimodal dispersion) between 
these two values at room temperature, irrespective 
of whether the islands are martensitic or pearlitic. 

The structure of Fig. 12 can thus be interpreted 
as showing the transformation of islands of residual 
austenite, with decomposition progressing inwards 
from the island boundaries. 

If the results of Aubertin are combined with those 
obtained in the present study, it is possible to arrange 


the various grain-boundary structures in order of 


increasing brittleness (or of increasing effect in raising 
the transition temperature): 
(i) Simple grain-boundary films of cementite 





* It is almost certain that this film of cementite 
forms during isothermal treatment, or during the 
beginning of the quench which arrests transformation. 
It is questionable whether the previous interpretation 
of such cementite films, whereby these were supposed 
to occur by precipitation from supersaturated ferrite, is 
still tenable. 
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(ii) Islands of martensite, surrounded by a border 
of troostite 

(iii) Islands consisting totally of martensite 

(iv) Islands of pearlite surrounded by a film of 
cementite. 


These results give a more detailed explanation of 


certain experimental results obtained by Allen et al.?® 

It thus appears that maximum ductility can be 
obtained in dead-mild steels (of a given grain size) 
by cooling rapidly between the Ac, and around 
550° C.* 

3. The influence of deformation and ageing— 
Experiments were made with a fine-grained steel 
killed with aluminium (0-042°%), deformed 7°, in 
tension. Impact test-pieces were machined as quickly 
as possible, and tested approximately 1 h after the 
material was deformed. This treatment showed that 
deformation without ageing does not change the 
bimodal distribution of impact energies. The transi- 
tion temperature remains unaltered, but the brittle 
and ductile fracture energies approach each other 
by a lowering of the ductile curve, and the bimodal 
distribution extends over a smaller temperature 
interval. 





* This result does not hold for the special ‘ pearlite- 
free’ steel, for which Josefsson has shown that slow 
cooling between 600° and 500° C is bad for the impact 
properties, on account of the precipitation of grain- 
boundary cementite in this temperature range. 





Fig. 13—Section of ‘ reassembled’ specimen of dead- 
mild steel fractured at — 15°C, brittle fracture, 
bisulphite etch 
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Fig. 14--Specimen tested as in Fig. 13, ductile fracture, 
nital etch 


Experiments with an O.H. rimming steel showed 
that ageing after deformation raises the transition 
temperature, but also reduces the step between 
brittle and ductile fracture energies. 

Steel B showed a rise in transition temperature 
from —16° C to —4° C after ageing an as-rolled 
specimen for 24 h at 250° C, while the same ageing 
treatment after 10° reduction by tension raised the 
transition temperature to + 12° C. 


(D) Experimental Studies on Initiation and Propaga- 
tion of Fracture 

It should be emphasized that the term ‘ brittle 
fracture’ refers to those fractures which constitute 
the lower branch of the impact-energy/temperature 
curves, and the term ‘ ductile fracture ’ refers to those 
fractures constituting the upper branch. This distine- 
tion is made irrespective of the absolute value of the 
impact energies concerned, so that it is possible that 
ductile fracture in one particular specimen may be 
associated with a lower impact energy than brittle 
fracture in another specimen. 


1. The relationship between type of fracture, angle 
of bend, and ductility—Consideration of the results 
obtained, particularly on a specific steel under various 
conditions, indicates that there is no rigid rule relating 
ductility and the percentage of fibrous fracture. 
In most cases, specimens of low impact strength 
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Fig. 15—Microfractograph for pearlite-free steel frac- 
tured by impact at — 40°C, showing brittle frac- 
ture, typical cleavage facets, and ‘rivers’ x 4000 


show a granular fracture, and ductile specimens 
a high percentage of fibrous fracture. But it is also 
possible to obtain cases of high fracture energy 
associated with an almost total granular fracture; 
it seems that such cases, where fibrous fracture only 
occurs in a thin ‘lip’ around the root of the notch, 
are associated with lowering of the temperature of 
the transition zone, as can be obtained by the use of 
a milder notch (cf. specimens GR), or by reducing the 
rate of application of load. In this case, the propa- 
gation of the crack seems to be the same in both 
brittle and ductile specimens. 

(a) Initiation transition of fracture—It would 
appear that the lack of correlation between ductility 
and the type of fracture shows that the difference 
between brittle and ductile specimens does not lie 
in the propagation of the crack, but in its initiation, 
the difference in appearance of the resulting fracture 
being a secondary effect associated with a change in 
the initiation mechanism. This hypothesis leads to 
the use of the term initiation transition for the 
jump in fracture energy associated with the region 
of bimodal behaviour. 

It is evident that this jump in fracture energy is 
more important in the case of specimens GR than 
for specimens UF (Fig. 1). The displacement of the 
upper fracture curves shows that the initiation of 
ductile fractures depends on deformation at the root 
of the notch; when the sharpness of the notch is 
reduced, a correspondingly greater amount of 
deformation is necessary in order to produce a 
ductile fracture. With a sharp V-notch, ductile 
fracture can occur after a small degree of bending, 
since this leads to a proportionately large degree of 
deformation with such a notch. The difference in 
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fracture energies at the transition of initiation is thus 
reduced. 

The present results also seem to indicate that the 
initiation for ductile fracture is at the surface, while 
internal initiation is characteristic of brittle frac- 
tures. This hypothesis is substantiated by micro- 
graphic studies. Examination of successive sections 
on specimens UF, reconstituted after breakage in 
the transition zone, indicates the following features: 

(i) The lip at the root of the notch in ‘ brittle’ 
specimens almost certainly forms after the initiation 
of fracture. which is internal, and may be either 
intergranular or transcrystalline. The beak-like 
appearance of the areas adjacent to the notch is 
definitely due to deformation after internal cracking 
(Fig. 14). 

(ii) Fracture originates at the surface, by tearing 
at the root of the notch, for ductile specimens broken 
at the same temperature (Fig. 15). 

Measurement of the angle of bend* provides an 
accurate estimate of the work necessary to break a 
specimen in the region of bimodal behaviour, and 
indicates the nature of the difference in energy 
observed when passing from brittle to ductile groups 
of specimens. 

It is surprising that the measured angle of bend 
may be as large as 8° for brittle specimens. There 
appears to be a straight-line relationship between the 
angle of bend, a, and the impact strength (for brittle 
specimens) of several dead-mild steels; the impact 
strength of (brittle) specimens UF can be expressed 
in the form: 

K = 0-9+ 0-38a 

where K is inkg.m/cm?andaindegrees This equation 
applies to values of a between 1° and 6°. The first 
constant in the equation is largely due to extraneous 
or parasitic energy terms such as the energy absorbed 
in the apparatus, the energy of penetration of the 
knife-edge, and the energy necessary to rupture the 
thin tear-lip material which is always present near 
the surface of the specimen. If these terms are 
ignored, the equation demonstrates that fracture 
energy is essentially a direct function of the angle of 
bend prior to brittle fracture, and therefore that the 
fracture energy is almost totally absorbed before the 
initiation of fracture. 

The fracture energy associated with ductile speci- 
mens can be divided into the energy necessary to 
cause deformation prior to the initiation of fracture, 
and the energy accompanying the propagation of the 
subsequent crack; the propagation of those portions 
of the fracture which subsequently appear fibrous is 
not instantaneous, and this time interval is associated 
with deformation and absorption of energy. 

It is difficult to separate these two stages of energy 
absorption, since it is not possible to determine 
accurately the moment of cracking at the root of the 
notch. Such information as is available is somewhat 
fragmentary, and relates to the specimens GR used 
in slow-bend tests. Cracking in these specimens was 
observed during the test by means of a mirror placed 
above the cooling bath; it was shown that small 
cracks appeared at the root of the notch after an 





* The angle of bend considered here is that measured 
after re-assembly of granular fracture facets; tear-lips 
have been filed away (cf. I1) and the matching facets 
are chosen as close as possible to the notch. 
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Fig. 16—Microfractograph of pearlite-free steel frac- 
tured by impact at — 196°C. Abrupt appearance 
of rivers at point where fracture crosses grain 
boundary x 16,000 


angle of bend greater than that which caused fracture 
in brittle specimens, and much greater than the angles 
found in brittle specimens subjected to impact testing. 
It was observed that the initial small cracks fre- 
quently stopped, and did not contribute to any extent 
in the final fracture, which occurred by the discon- 
tinuous propagation of a crack initiated at a later 
stage. 

No real evidence was obtained for the initiation of 
cracking in specimens UF or V; the cracks must, 
however, form at an early stage, since the angle of 
bend for ductile specimens UF is barely greater 
than for brittle specimens. For a given angle of 
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bend, the deformation at a sharp notch is greater, 
and it might be expected that cracks would occur 
sooner. This may explain the reduction in the differ- 
ence of ductile and brittle fracture energies on passing 
from specimens GR to specimens UF, and in par- 
ticular to specimens V. 

(6) Propagation transition of cracks.—The impact 
energy/temperature curve for ductile specimens rises 
to a maximum as the temperature is raised from the 
lower end of the region of bimodal behaviour Excep- 
tions to this rule may occur in the case of special 
steels such as steel C, where the value of the fracture 
energy for ductile failure is already so high at low 
temperatures that it cannot increase with a rise in 
temperature. 

In this region, a straight-line relationship is fre- 
quently obtained between impact strength and the 
percentage of fibrous fracture (cf. behaviour of alloy 
steels in Figs. 6 and 12). 

It may be concluded that propagation of a ductile 
fracture becomes increasingly difficult as the tem- 
perature is raised, and hence the term propagation 
transition is considered more appropriate than 
‘transition of fracture ’ used by other authors. 

The variations in impact strength observed in this 
region may thus be traced to the variations in the 
energy used during crack propagation. ‘The energy 
used before crack propagation is associated with 
deformation at the root of the notch, and depends 
on two opposing factors which tend to cancel each 
other, and therefore this energy should not vary 
greatly (the amount of deformation needed to inititate 
cracking increases with increasing temperature, but 
the load necessary to produce the deformation 
decreases). It should be noted that the jump in 
impact strength which accompanies the transition of 
initiation is frequently associated with changes in the 
type of fracture, which for a given temperature, lead 
to a more fibrous appearance in ductile specimens 
(with exceptions, such as specimens G#). This change 
in appearance results from a change in the mode of 
initiation, which in turn has an influence on the 
initial angle of bend, and such changes in the type of 





Fig. 17—Two microfractographs of pearlite-free steel, fractured by impact at — 40°C, showing brittle-fracture 
facets with tongues 
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(a) Near axis 


Fig. 18—Microfractographs of shear fracture in a specimen broken in torsion 


fracture are not to be included under the term 
transition of propagation. 

2. Microfractography—Micrographic evidence of 
two initiation mechanisms has already heen dis- 
cussed (Figs. 13 and 14), in particular the existence 
of internal initiation during brittle fracture. As this 
evidence might appear insufficient, further proof was 
sought by means of microfractography (cf. II). This 
proved fruitful, and the bearing of this method on 
the interpretation of the types of fracture generally 
obtained is interesting. 

(a) Appearance of Fracture Surfaces—Figures 15-18 
show the typical appearance of crystalline fracture 
facets at very high magnifications. Figures 15 and 16 
illustrate the wrinkled appearance of some cleavage 
facets, markings which have already been observed 
by optical microscopy, and studied in some detail 








Fig. 19—Photomicrograph of region of fibrous fracture 
in pearlite-free steel, fractured by impact at 
— 40°C x 4000 
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(b) Near surface 


x 16,000 


by Low,?® who calls them ‘river patterns.’ It has 
been shown by Low that these ‘rivers’ converge 
towards the propagation of fracture, which can 
thus be easily determined. The present authors do 
not wish to discuss here the origin of these markings; 
it has been proposed that in metals the markings 
consist of localized steps on the cleavage plane, pro- 
duced by screw dislocations; but markings such as 
those in Fig. 16 can also be found in plastics like 
Plexiglas,” though on a different scale. It appears 
that these markings can be obtained when the frac- 
tured material has a laminated structure with planes 
of weakness at a small angle to the plane of fracture. 

Figures 17 and 18 show a new type of marking, 
which could be described as tongues, in relief or in the 
form of depressions (Fig. 17 shows both arrangements). 
These markings seem to follow a well-defined crystal- 
lographic direction, and two sets of markings per- 
pendicular to each other can sometimes be observed 
(there is a small secondary set in Fig. 17b). These 





Fig. 20—Optical micrograph of nickel-plated section of 


fracture of pearlite-free steel, fractured by impact 
at 20°C x 1000 
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Fig. 21—Micrograph of area of fibrous fracture in im- 
pact test on normalized low-alloy steel, 0.40% C, 


0-70% Mn, 0-74% Ni, 0-06% Cr < 4000 
; markings have no definite explanation,?® but may 
j also be associated with accumulations of screw 

dislocations. Both rivers and tongues seem un- 
} affected by temperature between —20° C and —196 


C, but depend on the nature of the metal concerned. 

Some features of ductile fracture are shown in 
Figs. 18a and 6, which represent a patented eutectoid 
steel fractured in torsion. Failure occurred perpen- 
dicular to the axis along the plane of maximum shear. 
These illustrations therefore represent a shear fracture. 
The facets seem to have been formed by tearing in 
successive dimples, which can be shown to be orient- 





Fig. 22 





Microfractograph of ductile fracture in an 
impact test on tempered alloy steel, 0.37% C, 
0.88% Cr, 3-159 Ni, O.Q., tempered at 650° C 

x 16,000 
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FRACTURE 


Fig. 23—-Microfractograph of specimen of pearlite-free 
steel fractured by impact at — 40° C, showing area 
of fibrous fracture dimples surrounded by cleavage 
facets 4000 


ated in the slip direction; the dimples appear to be 
more elongated further away from the axis of the 
specimen (c.f. Figs. 18a and )). 

Figure 19 shows the appearance of fibrous fracture, 
as obtained in ductile impact specimens, or in the 
central portion of specimens broken in tensions with 
necking. Figure 19 refers to steel C broken by 
impact at —40°C; the fracture surface has the appear- 
ance of a series of ‘dimples ’* which have formed by 
tearing. This is confirmed by plated sections at a 
lower magnification (Fig. 20), which have previously 
been examined by Lubahn.”® 

Figures 19 and 20 show the great depth of focus 
which can be obtained by the use of electron micro- 
scopy. 

The fibrous fractures of different steels lead to 
fracture surfaces of identical form, but varying slightly 
in the dimensions of the dimples (cf. Figs. 21, 22). 
It should be noted that the magnification of Fig. 22 is 
appreciably greater than for Fig. 19. 

It will be seen that non-metallic inclusions or sub- 
microscopic carbides are frequently associated with 
the dimples{; there is relatively greater proportion 
of such inclusions or precipitates in fibrous fracture 
facets than in cleavage facets. It therefore appears 
that the path of a fibrous fracture crack is attracted 
by inclusions, possibly through cavities initiated in 
their vicinity, and fracture could be considered as the 
coalescence of a series of suitably-placed cavities. 
This may be used to explain the effect of inclusion 
content on the value of the ductile fracture energy 
curve, while having little or no effect on the transition 
temperature. 

It has already been observed by Lubahn*® that 
small areas of fibrous fracture can be detected in well- 
prepared microsections of fracture surfaces, which at 





* The interpretation of microfractographs demands 
a certain amount of experience, details of which have 
been published elsewhere.?* 

+ This has also been observed on micro-sections. 
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Fig. 24—Microfractograph of thin layer of fibrous frac- 
ture at root of notch of a brittle fracture. Arrow 
indicates direction of fracture x 4000 


lower magnifications appear to be entirely crystalline. 
By virtue of the greater resolving power associated 
with microfractographic techniques, it is possible to 
state definitely that none of the steels examined showed 
a crystalline fracture totally devoid of fibrous or 
dimpled areas. This applies even to the markedly 
brittle specimens tested at —196° C (Fig. 23). 

Some facets of intermediate appearance (not showing 
true rivers or dimples) are shown in Figs. 28 and 29. 
This type of facet is obtained most frequently in 
areas where brittle cleavage fracture stops and is 





Fig. 25—Microfractograph showing relationship be- 
tween thin layer shown in Fig. 24 and adjacent 
brittle fracture. Arrow indicates direction of 
fracture x 4000 


replaced by fibrous fracture. Figures 28 and 29 are 
microfractographic and micrographic views of analo- 
gous areas from the single section. The particular 
feature of the region illustrated lies in the presence 
of numerous curved cleavage facets; it is evident from 
the microsections that these facets represent trans- 
crystalline fracture (i.e. cleavage) although the path 
of fracture occasionally passes along the grain-boun- 
daries. Small subsidiary cracks adjacent to the 
main fracture can also be seen to take an inter- 








Fig. 26—Local direction of brittle fracture (arrows) and ductile fracture (scales) in area under the notch. Base line 
represents root of notch, grid is specimen support of electron microscope 
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Fig. 27—Microfractograph of region of multiple initia- 
tion of cracks, showing rivers radiating in all 
directions from a point which appears to be on a 
grain boundary x 4000 


granular path in some areas (Fig. 29). The curved 
surfaces may be produced by deformation preceding 
fracture, through plastic deformation of grains, but 
the curvature may also be caused by deformation 
after fracture, and, as in Fig. 30, leaving surface traces 
of slip. (These markings are unlikely to be twins 
at a deformation temperature of + 20° C). 

It is surprising that these curved cleavage facets 
no longer exhibit any river pattern or other similar 
markings. The associated mechanism of fracture, 
which often occurs after heavy deformation, must 
therefore be different from that leading to the cleavage 
patterns illustrated in Figs. 15-17. It may be that 
fracture follows planes of slip which have been weakened 
by deformation, instead of the normal cleavage planes 
of ferrite (100), as occurs in rock salt.8° The appear- 
ance of the curved cleavage facets is more analogous 
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Fig. 28—Microfractograph of specimen of pearlite-free 
steel with notch UF broken by impact at 30° C 
4000 


to that of the dimples of fibrous fractures; and for all 
these reasons they can be considered to represent 
ductile cleavage. 

In the pearlite-free steel C, even in very ductile 
specimens, such ductile cleavage markings are very 
frequently observed, together with the more normal 
dimpled structure. Mixed facets can also be observed 
on other dead-mild steels which give a sufficiently 
high impact strength. 

The fracture surface may frequently show what 
appears to the naked eye as small crystalline areas set 
in a matt fibrous matrix; microfractographic examina- 
tion indicates that while the crystalline areas are 
normal veined cleavages, the matrix consists of ductile 
cleavage facets and therefore is not a characteristic 
fibrous fracture. 





Fig. 29—Two sections of fracture surface shown in Fig. 28 after nickel plating x 1000 
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Fig. 30—Microfractograph of pearlite-free steel of high 
impact strength, tested at 20° C, complete fibrous 
fracture x 4000 


Ductile cleavage appears to be associated with the 
upper part of the propagation transition, where the 
type of fracture is normally classified as fibrous. At 
lower temperatures, the specimens which are classed 
as ductile but which have a low impact strength, 
show crystalline facets with their characteristic 
rivers. On the other hand, fractures above the tem- 
perature of the propagation transition show only 
fibrous, dimpled facets. 

It appears that the existence of ductile cleavage 
necessitates a certain amount of prior deformation, 
but it is not possible to state whether the deformation 
occurs just ahead of the crack during propagation, 
or whether the necessary deformation is provided by 
the plasticity which is associated with the initiation 
of fracture. 

In order to distinguish between these two alterna- 
tives, several impact specimens were compressed at 
right-angles to the sides at room temperature, prior to 
testing at —196° C where the specimens normally 
break in a very brittle manner with a high percentage 
of crystalline facets, and a few dimpled areas. Such 
prior working completely changed the appearance of 
the fracture: after 40% (measured relative to the 
initial size of the specimen) prior reduction, the 
fracture surfaces still appeared crystalline to the 
naked eye, but showed important changes under the 
microscope; the tongues disappeared, while rivers 
were still visible, as well as a noticeable amount of 
dimpled facts and ductile cleavage. 

In the case of 60% prior deformation, the fracture 
had a definite fibrous appearance, showing a series of 
clefts perpendicular to the direction of compression, 
these markings seem related to deep dimples, and 
their presence indicates that prior deformation can 
produce cavities or zones of weakness running at 
right-angles to the direction of compression. 

It therefore appears that in simple impact tests, a 
variation in the deformation before the initiation of 
fracture can produce the observed changes in the 
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appearance of, the fracture facets, in particular the 
presence of ductile cleavage. 

It should be remembered that all these remarks 
do not refer to cases of intergranular fracture, which 
have occasionally been observed, and produce certain 
effects which may be confused with curved cleavage 
facets. These effects vary from one metal to another. 

(b) Microfractographic examination of the initiation 
of fracture—The accumulated experience of micro- 
fractographic examination will now be applied to 
the problem of the origin of the fracture crack. 

The first specimen to be considered is steel C, with 
notch shape UF, broken at —30° C with a brittle 
fracture. To the naked eye, the fracture at the base 
of the notch appears entirely crystalline, but the 
electron microscope shows a thin lip at the root of 
the notch which indicates appearance characteristic 
of shear fracture (Fig. 24). The direction of the 
dimples (cf. Fig. 18) relative to the specimen (obtained 
by checking the orientation of the replica) leads to the 
conclusion that the fracture in this small surface lip 
originated in the interior of the specimen. Figure 25 
shows how fracture in the surface film and the 
adjacent crystalline area is related, and the dis- 
position of the rivers in this region indicates that 
the crack originated from a more central region of 
the specimen. This therefore constitutes proof of 
internal initiation of fracture. 

Attempts have been made to locate the precise 
origin of fracture by following the direction of crack- 
ing by electron-microscopy in an area of the specimen 
approximately 1 mm, below the notch. This was 
made possible by utilizing the grid carrying the 
replicas in the electron microscope, and noting the 
relative directions of rivers or micro-tears, in the 
various grid squares. These directions are repre- 
sented by arrows in Fig. 26 which presents a rather 
confused appearance. It may be concluded that 
there is no unique point of origin for all portions of 
the fracture, and it appears that cracking is associated 
with a series of successive initiations. ‘The arrows of 
Fig. 26 can be grouped around a number of burst 
centres, from which the fracture markings radiate in 
all directions. Figure 27 shows such a centre, which 
seems to be situated at a grain-boundary. The dis- 
tance between centres appears to be of the order of 
0-1 mm, which is equivalent to three or four times 
the diameter of the grains. 

There is a striking absence of arrows radiating 
from the notch (Fig. 26); arrows effectively parallel 
to the root of the notch predominate, indicating that 
lateral fracture is easier and faster. An appreciable 
number of arrows point towards the root of the notch. 
It therefore appears that when a local burst of cleav- 
age fracture occurs, there is a tendency for the fracture 
to propagate predominantly in lateral direction, in 
the zones which are under appreciable tension. The 
crack appears to prefer propagating laterally or 
return towards the region which has already fractured, 
rather than to extend into the interior of the specimen. 

Initiation of the fracture thus apparently occurs 
through the joining of a number of separate micro- 
cracks which form almost simultaneously; although 
it is possible that in the case of Fig. 26 there is one 
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major point of origin outside the area examined, in 
the direction (upper right hand side) from which 
many of the arrows seem to radiate. Considering all 
points the burst centres nearest to the notch show 
arrows which point upwards, and which might be 
examples of fracture returning to the direction of 
origin as already indicated previously. In this case 
the origin of fracture may well be outside the field of 
view, and is therefore well into the interior of the 
metal (of the order of 1 mm from the notch). 

By contrast, examination of a ductile fracture on 
another specimen (Fig. 21) has shown that the direc- 
tion of fracture in the region bordering the notch is 
in the opposite direction, the metal tearing at the 
root of the notch, and the fracture propagating into 
the interior of the specimen. 


(E) Investigation of the Areas of Plastic Deformation 
Occurring in Impact Specimens 

It has already been stated that brittle fracture can 
occur after appreciable plastic deformation, the 
associated angles of bend sometimes exceeding 6°. 
There are therefore areas which have been plastically 
deformed before the initiation of fracture, but this is 
not sufficient information to decide whether the 
fracture starts in such a deformed zone. In order to 
investigate this problem, it is necessary to know how 
the plastic deformation is distributed, and the nature 
of any restraints which could cause favourable con- 
ditions for fracture. 

The practical approach to the problem was by the 
use of Fry’s etch, which preferentially attacks zones 
of plastic deformation; the theoretical approach was 
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Fig. 31—Regions of plastic deformation occurring in 
specimen with V-notch, under a constant bending 
moment 
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Fig. 32—Regions of plastic deformation on central 
section of specimen with V-notch subjected to a 
constant bending moment, Fry’s etch 


by calculations based on the theories of Hencky and 
Hill, and following the treatment used by Green.*! 
It should be mentioned that parallel investigations 
on these lines were published by Green and Hundy?# 
at the time this article was completed. Their prac- 
tical and theoretical results are in general agreement 
with those established in the present work. Since 
the credit for the mathematical treatment must go 
to these authors, only brief outlines are given here, 
in order that the conclusions from certain aspects 
of the experimental work may be more easily inter- 
preted. 


1. Theoretical calculations — Initial experiments 
were made on specimens with a U-notch, subjected 
to a constant bending moment. Under such condi- 
tions the central section of the specimen is subjected 
to plane deformation. Green has produced theoretical 
solutions for certain restricted conditions, which do 
not totally correspond to specimens UF, and the 
solution for this specimen has accordingly been 
calculated. This has been done largely to sub- 
stantiate the method of calculation of the present 
authors, since the shape of the deformed zones is 
identical with those found by Green (Fig. 31). The 
two wedges situated inside the central area ABCB’ 
are dotted, since they do not occur if it is assumed that 
the material behaves rigidly until plastic deformation 
ensues. This point will be dealt with subsequently. 

An attempt was made to calculate the stresses 
within the area ABCB’ (assuming elastic behaviour 
inside that area and boundary conditions given by 
the rigid-plastic solution of Hencky applied outside 
the area) in order to confirm that plastic yielding 
does not occur, since this is a necessary criterion for 
the valid application of the rigid-plastic theory. This 
work unfortunately remained unfinished due to the 
lengthy calculations involved. 

A second series of calculations were made for the 
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(a) Surface (b) Mid-way between surface and centre (c) Centre 


Fig. 33—-V-notched specimen of pearlite-free steel bent 
under concentrated load, angle of bend }, Fry’s 
etch 
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Fig. 34—Similar to Fig. 33, angle of bend 3°, Fry’s etch 
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(b) 





Fig. 36—Similar to Fig. 33, with large radius notch 
GR, angle of bend 5°, Fry’s etch 





Fig. 35—-Similar to Fig. 33, angle of bend 14°, Fry’s etch 
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Fig. 37—-Centre of specimen similar to Fig. 36, fractured 
by impact at — 120° C, brittle fracture (energy of 
0.6 kg/cm”), angle of bend 1°, Fry’s etch 


case of a load concentrated on the middle of the 
specimen, which is a closer approximation to the 
conditions which occur in impact testing, or slow 
bend tests. The results proved identical with those 
obtained by Green and Hundy,** and the reader is 
referred to these authors for further details. The 
zones of plastic deformation are very similar to the 
preceeding case, except that the lower area is smaller. 

2. Experiments with Fry’s etch—For specimens 
subjected to a constant bending moment (specimens 
UF machined from open-hearth steel), etching the 
central plane of the specimen confirms the shape of 
the zones calculated above (Fig. 32), with the excep- 
tion of the wedge-shaped areas which penetrate the 
central region at A and C, 

For the case of concentrated loading, the specimens 
used to confirm the second series of calculations were 
made extra large (50 mm, steel C) in order to approach 
more closely the condition of plane deformation in the 
central section of the specimen. Specimens with 
various notches were bent very slightly, and etched 
on the surface, on a section 12-5 mm below the 
surface (1/4 thickness), and on the centre section. 
The resultant patterns are shown in Figs. 33-36. 
With the exception of the specimen with a V-notch 
(Fig. 33c), wedges can be seen inside the central area. 
These wedge-shaped areas should not be present 
according to calculations which assume that the 
metal behaves rigidly until yielding occurs, and their 
existence is due to elastic effects prior to plastic deforma- 
tion. It has been shown by Green and Hundy?#4 
that the maximum shear stress under elastic conditions 
occurs at the root of the notch (which can be con- 
firmed by photoelastic measurement) and hence it is 
here that plastic deformation is initiated. This zoné 
of plastic deformation is limited by the zones of slip 
calculated on the basis of Hencky’s assumptions. 

It is evident that the wedges become gncreasingly 
more important as the surface is approached, and 
where some ancillary Liiders-lines can be observed. 
This modification of the zones of plastic deformation 
is due to the change from conditions of plane deforma- 
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tion in the centre, to conditions of plane stress at the 
surface. This can be explained in the following 
manner: 

If the stresses in the plane of Fig. 31 are labelled 
o, and o, (with o, the maximum tensile stress), and 
og is the third principal normal stress, then according 
to the theory of plane deformation: 

os = v (o, + a) 
where v = Poisson’s ratio. 

If it is assumed that the material behaves in a 
rigid-plastic manner, the regions which will deform 
plastically have a Poisson’s ratio of 0-5, so that the 
value of o, is always intermediate to o, and o,, and 
shear takes place in the plane of Fig. 3 under an 
effective stress (c,-c.). In fact the Poisson’s ratio 
of steel is of the order of 0-3 in the elastic region, 
and only slowly reaches a value of 0-5 after 1-2%,, 
plastic deformation.** If the value of v is taken to be 
0-3, and the assumptions of rigid-plastic behaviour 
for o, and o, are retained, it is found that for certain 
points along the boundary ABCB’ the value of a; is 
slightly lower than o, (in the case of constant boun- 
dary moment). Under such conditions shear will 


(a) Brittle specimen, angle of bend 3 





(6) Ductile specimen, angle of bend 15 


Fig. 38—Centre-section of specimens of pearlite-free 
steel with V-notch, fractured by impact at — 30° C, 
Fry’s etch 
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take place in the plane bisecting the stresses o, and o3 
instead of the plane of Fig. 31. 

If this analysis is now applied to the case where 
the load is concentrated, it is found that in the 
central section of the specimen, a; is slightly greater 
than o, over the whole of the boundary ABCB’. 
As the surface is approached o, tends to zero, and a 
point will be reached when co; becomes less than o,, 
so that the direction of the slip system will change, to- 
gether with the simultaneous development of wedges. 

If the dimensions of the specimen are decreased, a 
critical size will be reached for which o, < co, even in 
the central section, and this is probably the explana- 
tion of the anomalous changes of behaviour which 
were observed, at sizes of 5-6 mm, in the tests 
described in (B)3. The change in direction of the 
transition curves in Figs. 3 and 4 is therefore basically 
due to a change in the slip system, which is indirectly 
affected by variations in the degree of elastic tri- 
axiality. 

If the areas of plastic deformation obtained by 
impact testing steel C are compared with the other 
results, several striking differences can be observed 
(Figs. 37-40). Except in the case of specimens with 
a V-notch, the curved arcs (which outline the area 
ABCB’ in Fig. 31) are less pronounced or even 
absent, while the wedges at A and C are well developed. 
This difference can be explained by taking into con- 
sideration the incubation period associated with 
plastic deformation. It has been established that 
plastic deformation does not take place immediately 
when the applied stress reaches the upper yield 
point, but that very short incubation period is 
involved which is a function of the applied stress. 
In ductile specimens, the wedge-shaped areas appear 
first (for reasons already explained), but the arcs 
cannot occur until after an incubation period; the 
speed of impact testing thus allows the wedges to 
grow to a greater size than is possible in slow bend 
tests, and incidentally produce appreciable angles 
of bend. 

It may be asked whether there is any correlation 
between the occurrence of these plastic ares and the 





Fig. 39—Centre section of V-notched specimen broken 
at — 10° C, fracture nominally brittle, but with high 
fracture energy (4-9 kg/cm?), Fry’s etch 
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Fig. 40—Cumulative frequency of elongations at frac- 
ture at — 196°C, for two O.H. rimming steels: 
0.075% C, 0.22% Mn (25 specimens tested); 0-04°,, C 
and 0-10% Mn (11 specimens tested) 


transition of initiation. It is possible to argue that 
the appearance of these ares should produce high 
local internal stresses, which could lead to the onset 
of brittle fracture. Alternatively the appearance 
of arcs may mark the end of an accumulation of 
high stresses in the wedge-shaped areas, and thus 
the end of conditions which tend to produce internal 
initiation of cracks. A transition would be produced 
in either case. In fact, experimental observation 
shows that such a correlation does not exist: brittle 
fracture can occur with or without the appearance of 
arcs, depending on the type of steel and the shape of the 
notch. Arcs can be easily produced in specimens 
with a V-notch, but are generally absent in specimens 
GR; arcs occur infrequently in steel C, probably 
because of the relatively long incubation period 
associated with the high nitrogen content of this steel. 
Similar areas of plastic deformation may be obtained 
if specimens of a suitable transparent plastic (Lucoflex) 
are deformed by bending. 

In conclusion it appears possible to calculate the 
minimum deformation necessary to cause fracture in 
britile specimens, if the value of suitable parameters 
is known, and the deformation expressed in the 
form of an equivalent elongation: 

100.W 


V.o 
m 


2) 


where W the energy of the deformation prior to 
fracture (which is about equal to the impact strength 
in the case of brittle specimens) 

V = the volume in which this deformation occurs 
(estimated from Figs. 37-39) 
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o,, = the mean stress acting in the regions of plastic 
deformation* 
¢ = the equivalent elongation, % 

Values of « range from 3% (Fig. 35) to 12% in the 
case of specimens which fractured after an angle of 
bend of several degrees. The deformation associated 
with the wedge-shaped areas is therefore considerably 
greater than has been previously supposed. 


(F) Low-temperature Tensile Tests 

1. Tests on un-notched specimens—It is generally 
supposed that low-temperature tensile tests are an 
adequate means of measuring the fracture strength 
as defined in the Introduction. It is, however, possible 
that deformation prior to fracture may modify the 
properties of the material, and several experiments 
have been made to investigate this point. ‘Two open- 
hearth rimming steels were fractured in tension in 
liquid nitrogen, the compositions being 0-075% C, 
0-22% Mn; and 0-04% C, 0-10% Mn. 

The tensile curves were examined for the extent 
of elongation before fracture, and the drop in stress 
between upper and lower yield points. Fracture 
occurred after elongations which varied extensively 
from specimen to specimen, ranging between 1% 
and 22%; the latter value is greater than that 
associated with the ultimate tensile stress (maximum 
load) which occurs at an early stage at low tempera- 
tures, and necking had already started. The fracture 
consisted of bright crystalline facets in all cases. 

The tensile curves were very flat, showing a slight 
downward curvature at about 4-6% elongation ; 
this effect was observed at all temperatures which 
showed a yield step, and is apparently characteristic 
of the end of yield elongation. 

The large scatter in the elongation values is reminis- 
cent of the effects obtained for impact specimens at 
the transition of initiation (III (A)). To establish 
the statistical distribution of elongation figures, 
cumulative frequencies were plotted in Fig. 40, 
and it can be seen that the distribution appears 
bimodal for one steel and trimodal for the other. 

Rupture may occur in one of the three following 
stages, separated by two zones in which fracture is 
unlikely: 

(i) The step obtained on yielding 

(ii) A stage between the curvature following the 
end of yielding and a point preceding the beginning 
of necking 

(iii) A stage somewhat beyond the point at which 
necking begins (this region is only of importance 
for one of the steels). 

These three stages will now be examined in detail. 

(i) Deformation during yielding is heterogeneous, 
and concentrated in several Liiders lines. If there 
should be only one such region, deformation traverses 
the whole specimen, there being a ridge or sharp 
bend at the boundaries separating the deformed and 
undeformed portions of the specimen. This ridge 





* The mean stress is 45 kg/mm? for mild steel sub- 
jected to impact tensile tests**; on account of the 
triaxial effects associated with notches, the value in the 
present work are almost certainly higher. There is, 
however, an upper limit set by the fracture stress, which 
is ~80-85 kg/mm? (ef. (F) 1, 2); a value of ~70 kg/mm? 
for o,, appears reasonable. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


is associated with local stress concentrations. When 
several Liiders lines are produced, the resulting 
pattern of intersecting wedges can produce similar 
stress concentrations. 

X-ray photograms were taken at equivalent points 
on both sides of fracture surface, but a little below 
the actual surface, since this was excessively distorted. 
The X-ray photograms indicate the approximate 
degree of deformation that existed just before 
fracture. It appears that the degree of deformation 
is appreciably different for the two sides of fracture 
surface, which favours the hypothesis that fracture 
occurs at the junction of deformed (Liiders Line) 
and undeformed metal. 

It should be noted that the first Liiders line has a 
wedge-shaped tip while initially propagating through 
the specimen, and this can by itself create strong 
stress-concentration. It is likely that such stress- 
concentrations would be sufficient to initiate fracture; 
but on photographically recorded curves, the impres- 
sion is given of catastrophic failure before the yield 
point is reached, whereas fracture has really occurred 
after the first traces of plastic deformation (first 
Liiders lines). In fact, some specimens have occa- 
sionally broken after a straight loading curve, but 
at a load which was equal to the elastic limit of 
identical specimens. It appears that, at least in 
mild steels, fracture can occur only after the applied 
stress exceeds the upper yield point.’ 

(ii) In the second stage of elongation, the mean 
stress is barely greater than in the region of yielding, 
but deformation is more homogeneous (this has been 
substantiated by X-ray examination) on account 
of the absence of major stress concentrations. Frac- 
ture in this stage is therefore difficult to explain, 
unless the basic fracture strength is reduced by 
deformation. Examination of plated sections shows 
that, at this stage, the crack is frequently intergranu- 
lar. This type of fracture is rarely found in stages 
(i) and (ii), and seems to be associated with a reduction 
in cohesion (embrittlement) which is most marked at 
the grain boundaries or the adjacent boundary layer, 
and seems to be caused by the actual deformation 
process. 

(iii) Few specimens show fracture in the third 
stage of elongation. Micrographic observation indi- 
cates that the fracture is essentially transcrystalline, 
and microfractography shows cleavage facets with 
normal rivers. There was a slight tendency for a 
change to fibrous facets of the ductile cleavage type 
(cf. (D) 2 (a)) towards one side of the specimen. 

Bimodal distributions of fracture strengths are there- 
fore not exclusively restricted to bend tests on notched 
specimens, but can also be obtained in low-temperature 
tensile tests, where there may even be occasional trimodal 
distributions. 

2. The effect of prior deformation at room-tempera- 
ture—The effect of prior deformation produced at 
one temperature on the ductility tested at a lower 
temperature has been studied by Ripling and Bald- 
win,*> and described as ‘ rheotropic behaviour.’ 

It was thought interesting to investigate the effect 
of room-temperature deformation on the fracture 
behaviour at —196°C for the specimens described 
(above (F) 1). These tests were made after the steels 
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concerned had aged (at room temperature) for about 
1 year, with the result that the ductility was appreci- 
ably reduced, and the fractures occurred entirely 
in the yield stage of elongation (cf. (Ff) 1 (i)). The 
results obtained are shown in Table IV. 

The elongation figures show an appreciable scatter, 
but are uniformly low; prior deformation at room 
temperature does not seem to have any significant 
effect. Rheotropic behaviour is, however, more 
likely to be revealed by variations in fracture strength 
than elongation figures; the figures shown in column 2 
seem to indicate that prior deformation of the order of 
1% can cause a significant decrease of the fracture 
strength, especially if the load is not removed between 
tests at + 20°C and —196°C. Heavy prior deforma- 
tion can cause a considerable increase in the mean 
fracture strength, an effect which can be called 
rheotropic strengthening. Microfractographic examina- 
tion shows changes in the appearance of the fracture 
facets which correlate with this increase in strength; 
specimens broken after a prior room temperature 
deformation of 20% show fractures consisting entirely 
of ductile cleavage facets (cf. (D) 2 (a)), despite their 
bright crystalline appearance to the naked eye. 
This seems to confirm that, as indicated previously, 
this type of cleavage facet only occurs when the 
fracture has to propagate in material which has been 
previously deformed. 

It is significant that in the specimens which were 
deformed by 1% at room temperature (which is 
about half the yield elongation), the stress-concen- 
trations produced by the formation of Liiders lines 
are insufficient to initiate fracture at —196° C, and 
a further amount of preliminary plastic deforma- 
tion has to occur. A further notable effect of 1% 
deformation is the depression of yield point. 


8. Tensile tests on notched specimens—The appre- 
ciable elongations observed on un-notched specimens 
(cf. (F) 1) render it unlikely that the cleavage strength 
can be measured on such specimens, unless the 
temperature is reduced to values approaching absolute 


Table IV 


EFFECT ON SPECIMENS OF ROOM- 
TEMPERATURE DEFORMATION 














| | | 
Prior Deformation, | yo = | Elongation, | yield pol 7 
% at 20° C kg/mm? | ig | kg/mm* 
| 
0 82-9-85-1) 1-1-2-1 86 -8-90 
1-1 ; 72-8 3-3 | absent, 
(specimen cooled and | smooth 
tested at —196° C. stress/ 
without removal of | | strain 
load) | | curve 
1-1 and 1-3 | 80-1-80-8 0-4-2-0 ows 
(load removed be- | | | 
tween tests at 20° | | 
and —196° C) 
16-6 |  116* 2-17 | 121* 
24-8 93 .5* 0-82 | 95-1* 








* Figures indicate mean stress at time of fracture. Specimen 
started to neck at room temperature, and maximum stress at centre 
of test-piece is certainly greater than the value quoted. Stress/strain 
curve at —196° C therefore falls rapidly after yield point indicated 
in col. 4, and local deformation is almost certainly greater than the 
figures quoted in col. 3. 
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zero.“! There remains the possibility that the fracture 
strength can be measured on notched specimens. 

By testing notched micro-specimens (cf. II) in 
liquid nitrogen, fractures can be obtained without 
any measurable elongation on photographic records 
of the stress/strain curve. The steel used for these 
tests was the same basic Bessemer steel used in the 
determination of the effects of heat-treatment on the 
transition temperature ((C) 2). The tensile micro- 
specimens were machined from the undeformed 
portions of broken (brittle) impact test-pieces. The 
results for notched and un-notched specimens of 
equivalent cross-section are shown in Table V, where 
ozg(7') represents the yield point, and opr(7') the 
nominal fracture stress at 7'° C. 

Notched specimens tested at 20° C show a slight 
yield point, which occurs when plastic deformation 
spreads through the cross-section under the notch. 
The nominal stress corresponding to this yield point 
is approximately 1-31 times greater than the yield 
stress of un-notched specimens. 

If fracture really occurs in notched specimens 
without any prior plastic deformation, it should be 
possible to calculate the fracture strength by multi- 
plying the nominal stress cg (—196° C) by Neuber’s 
stress-concentration factor k, which is here equal to 
1-93. There is, however, some doubt regarding 
the complete absence of plastic deformation, despite 
the stress/strain records; this follows from an examina- 
tion of the ratio cr/coz (—196° C) (Table V, col. 7). 
If prior plastic deformation is to be prevented, frac- 
ture must occur at the root of the notch before the 
stress at this point (1-93 oR) reaches the yield stress, 
which (since one of the principal stresses is zero) 
is equal to the yield stress of un-notched specimens 
og (—196° C); this condition is satisfied by the 
relationship or/og (—196° C) < 0-52*. On the 
other hand, it has been shown that plastic deforma- 
tion occurs over the whole cross-section under the 
notch when opr/cg (—196°) > 1-31 (cf. experiments 
conducted on notched specimens at 20° C). 

Table V shows that values of opr/og (—196° C) 
oscillate between 0-86 and 1-28 (Table V), which 
seems to prove that there has been some local plastic 
deformation prior to fracture at —196°C. It is of 
interest to compare the results from these tensile tests 
with the impact strengths of specimens from which the 
tensile microspecimens were machined; in particular 
as the ratio op/og (—196° C) seems to be associated 
with the degree of plastic deformation preceding 
brittle failure, and as high values of prior deformation 
should be associated with high values of impact 
strength (in brittle fractures). If the values of 
oriczg (—15° C) are compared with mean impact 
strength at the same temperature, it can be seen that 
the overall correlation is not good, but is better in 
each of the two subgroups correlated. 

A better correlation might have been expected, but 





* It should be noted that since a critical size exists 
for the formation of local plastic deformation such as 
a Liiders line’? at very sharp notches with high stress 
concentrations, it may be necessary to consider the 
stresses which exist at the requisite distance ahead of 
the notch instead of those at the root of the notch. 
The figure of 0 -52 may therefore be too low. 
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Table V 
RESULTS FOR NOTCHED AND UN-NOTCHED SPECIMENS OF EQUIVALENT CROSS-SECTION 
Un-notched Specimen 
te | 
men v 262 
Heat | 20° C —196° C mF | °R/°E eens Paneer CRITE 
Treatment ak SEA! (IRIN aaah (-196°c) SOP at —a8°C, | (—15°C) 
kg.m/cm* | 
cE Elongation, | cR Elongation, | "R { 
(20° C) % (—196° C % (—196° C) 
0.Q. 35-2 30-8 92-5 | 3-6 110-0 1.15 —25 1-6 2-89 
Air-cooled 31.2 37-0 82-1 | 3-5 81-0 0.99 —14 1-5 2-42 
Furnace- 
cooled 23-8 27-8 78:9 | 5-3 75-0 | 0-95 —12 er 4) A2eBO 
Furnace- 
cooled, step | | 
quenched at | 
following 
temp., °C: | | 
700 43.9 16-4 96-48 79 | 435-9 1-20 +15 0-9 2-50 
650 42.9 16-5 92-70 3-7 93-9 1-01 +43 0.7 2-05 
600 39-0 17-0 90.1 5-1 | 88-6 0.98 +24 0.7 2-12 
550 30-5 26-5 87-5 5-2 | 75-1 0-86 —11 2-5 2-26 
| 











Note: o E (—15° C) was obtained by interpolation, assuming that log o E is a linear function of 1/T. 


it will be seen in the subsequent discussion (IV, 6) 
that the speed of testing has an important and 
variable influence. 

4. Effect of rate of loading on tensile stress/strain 
curves—It has already been mentioned that the 
speed of testing can influence the resistance to plastic 
deformation; the application of this effect to impact 
testing has been discussed by Orowan,*® 4° and will 
be dealt with in the discussion. 

Experiments were conducted on wire specimens 
using a Chevenard ‘44’ tensometer.* Tests. were 
made both at room temperature and in liquid nitrogen, 
two rates of loading in the ratio of 10 : 1 being used. 

Table VI shows the rate of change of yield point 
with speed of testing, expressed as the ratio of the 
yield points (vz) obtained at speeds in the ratio of 
10:1, the ratio of loads to produce fracture under 
the same conditions is also shown (7 ), all figures being 
the mean values of two tests (which gave very 
similar results). It can be seen that tr(—196° C) = 
tr (—196° C), which might be expected since at this 
low temperature, fracture occurs at the onset of 
yielding. tr (20°C) is, however, clearly lower, and 
effectively indicates the rate of strengthening with 
temperature (tc), which varies from steel to steel. 
teE—1l appears to be roughly proportional to the 
absolute temperature, which is to be expected for a 
function which is controlled by an activation energy. 


IV. DISCUSSION AND INTERPRETATION OF 
RESULTS 

The mass of results obtained are difficult to assess, 
but there are certain recurring features which allow 
some fundamental generalizations to be made. 

1. Bimodal behaviour—It is necessary to distin- 
guish between bimodal behaviour in the statistical 
sense (obtained by testing a large number of specimens 
under identical conditions), and the existence of two 
fracture modes observed under different conditions. 
Bimodal behaviour indicates that two mechanisms 





* The authors would like to thank Messrs. Boulanger 
and Ancey, who kindly tested these specimens. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


of fracture coexist at the same temperature. 

It is common practice to distinguish two types of 
fracture in tensile tests; brittle fracture, associated 
with crystalline cleavage facets, and ductile fracture, 
or fibrous fracture occurring after necking. These 
two types of fracture are generally considered to be 
produced by distinct mechanisms or modes (cf. the 
theories of Davidenkov), with ductile fracture origin- 
ating in the centre of the specimen, and brittle fracture 
most probably at the surface.** 

In the case of bend tests on notched specimens, the 
present work has shown two types of initiation of 
fracture, but contrary to the results obtained in 
tensile tests, ductile fracture seems to originate at 
the surface, and brittle fracture within the specimen 
(III (D) 1, 2). 

Brittle fractures generally show crystalline facets, 
with the exception of a few small areas of fibrous 
failure. But fractures initiated by a ductile mech- 
anism can be entirely fibrous, or associated with an 
appreciable percentage of cleavage facets. Thus the 
classification of failures is determined by the mode of 
initiation of fracture, and not by the aspect of the 
fractured surfaces. 

Definite evidence has been obtained for bimodal 
behaviour in impact testing (III (A-C)); while in 
tensile testing other workers have observed different 


Table VI 


RATE OF CHANGE OF YIELD POINT WITH RATE 
OF TESTING 




















Steel C | O.H. a 
7,20 1-08 1-09 
Tp —196 1-02 1-03 
“2 1-01 1-03 
TR—196 1-02 1-03 
Be | 
A%(-196) | 2 “ 
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modes of fracture for different conditions. The present 
work has shown that in low temperature tensile tests, 
the different modes of fracture may be obtained under 
identical conditions (III (F) 1), and hence bimodal 
behaviour is present in tensile tests as well as impact 
tests. The interpretation of this behaviour and details 
of the physical mechanism of fracture have been 
provided by microfractography. 

2. The appearance of fracture facets—The appear- 
ance of fractures to the naked eye is generally 
divided into two types: 

(i) Crystalline for brittle fracture 

(ii) Fibrous for fractures associated with appreci- 

able deformation. 

The latter case is frequently sub-divided into shear 
fracture, associated with overall slip, and fibrous 
fracture, in which failure occurs by the separation of 
atoms without slip. (Ina tensile test, a cup and cone 
failure offers an example of fibrous fracture at the 
base of the cup, and shear fracture at the edges.) 
Micrographic and_ especially microfractographic 
examination (III (D) 2) shows that brittle and 
ductile fractures can be easily distinguished, but 
that there seems to be a continuous gradation 
between the microscopic features of shear fracture 
and fibrous fracture. The facets associated with 
these types of fracture both show a dimpled appear- 
ance, with projections or ridges which indicate zones 
where separation finally occurred. These ridges or 
tears are essentially perpendicular to the surface in 
the case of fibrous fracture (Figs. 19, 21, 22), while 
in the case of shear fracture they are more or less 
aligned in one direction (Figs. 18 and 24). Where 
fracture occurs by simultaneous shear and separation 
(Fig. 18), the orientation of the facet pattern allows 
the determination of the direction of cracking. 

Crystalline (brittle fracture) facets show charac- 
teristic rivers and tongue-like markings (Figs. 15-18), 
the former indicating the direction of crack propa- 
gation. 

The present work has demonstrated the existence 
of an intermediate fracture type, which has been called 
ductile cleavage (Ili (D) 2, Figs. 28-30). This 
type is associated with transcrystalline fracture, 
differing from ordinary cleavage facets by the absence 
of rivers or tongues, and having certain affinities to 
the dimpled appearance of fibrous fracture. Appro- 
priately, these intermediate types appear in the area 
separating brittle and ductile zones, in material which 
has been subjected to an appreciable amount of 
plastic deformation. 

Intermediate facets can appear like crystalline or 
fibrous facets to the naked eye, depending on their 
dimensions. An explanation of the relationship 
between various facets will now be attempted. 

In a crystalline fracture, any imperfections (on an 
atomic scale, such as screw-dislocations), will result 
in small steps in the fracture surface, which eventually 
lead to the river and tongue-like markings visible on 
brittle cleavage facets. With the onset of ductile 
cleavage, fracture is associated with structural imper- 
fections on a coarser scale, so that the small steps 
produced by dislocations are relatively unimportant. 
Fracture is now also accompanied by a more extensive 
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fracture front, which follows a path where the local 
density of imperfections is high. 

The requisite density of imperfections may be 
produced by the accumulation of dislocations on 
slip planes, in the form of slip bands; if this mech- 
anism of fracture is correct, the term ductile cleavage 
seems reasonably appropriate. Their smooth appear- 
ance may be due to the very high localization of 
dissipated energy in the last stage of rupture, 
producing a kind of Beilby layer. 

Ductile cleavage is associated with an intermediate 
degree of deformation, and hence the dislocations 
are essentially located on a restricted number of slip 
planes. With more extensive prior plastic deforma- 
tion, the dislocation density can be expected to be 
greater, and more generally distributed; there is also 
an increasing likelihood of microcracks, as shown by 
X-ray work.44 Such microcracks may be formed 
by hollow-centre dislocations (as envisaged by 
Friedel), at the head of an accumulation of dis- 
locations (as suggested by Mott*>), or by the asso- 
ciated effects of vacant lattice sites. Under these 
conditions, fracture will take place by the coalescence 
of several microcracks, with tearing of the intervening 
areas leading to a fibrous appearance. It seems likely 
that microcracks form preferentially at the surface of 
inclusions or carbides, since dislocations might be 
expected to accumulate at such points (cf. Fig. 19). 

The interpretation of the mechanical tests will now 
be discussed, and the complementary nature of the 
evidence from mechanical tests and microfractography 
will be demonstrated. 


3. Tensile tests and rheotropic behaviour—-he term 
‘rheotropic ’ has already been discussed in ILI (F) 2, 
and can be defined as the modification (‘-tropic ’) of 
intrinsic ductility through deformation (‘ rheo-’). 
This modification, produced at one temperature, is 
only revealed at a lower temperature, where the metal 
is more brittle; its major manifestation is the change 
in the elongation associated with fracture. Ripling 
and Baldwin® showed that low percentage prior 
elongation reduced the load required to produce 
fracture, and thus embrittled the metal, while 
elongation greater than 20% had the opposite effect 
and increased the resistance to fracture. These 
results were confirmed in the present work (III (F) 2), 
and some additional evidence was obtained on the 
influence of prior deformation on the elastic limit. 
Rheotropic behaviour was obtained in impact tests 
(III (D) 2 (a); prior deformation at room temperature 
increased the ductility at — 196° C, as is shown by 
changes in the type of fracture. 

The concept of rheotropic behaviour will now be 
extended to the case of variations produced during a 
test conducted entirely at one temperature, following 
the tentative treatment of Pomey,*4 based on the 
theories of Mohr and Caquot. The concept of degree 
of embrittlement will be introduced, and this requires 
several preliminary definitions, to relate to a physical 
process occurring in the metal. The term ‘ micro- 
scopic ’ will be restricted to phenomena of the scale 
of grains, and the term * macroscopic ’ to effects on 
the scale of the specimen, such as plastically deformed 
areas or Liiders lines; it is evident that this distinction 
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fails in the case of specimens with a very large grain- 
size, and phenomena in such specimens (which behave 
anomalously) are not intended to be covered by the 
theory to be outlined. 

The degree of embrittlement will be defined as the 
ratio of a ‘ theoretical cohesion’ to the macroscopic 
stress acting at a point, and leading to the onset of 
fracture; the latter local value of stress will be called 
the local fracture stress, or in the case of brittle 
fracture, the local cleavage strength. 

In terms of the actual physical mechanism of 
fracture, the degree of embrittlement will depend on 
two factors: the microscopic concentration of stress 
(accumulations of dislocations, restraints at grain- 
boundaries causing fracture to occur at the site of 
greatest concentration); and the density of defects 
(dislocations, microcracks, intergranular cavities, etc.) 
which have suitable dimensions to act as Griffith 
cracks. The degree of embrittlement therefore 
depends essentially on the number and distribution of 
sufficiently large accumulations of dislocations. 

It follows that the rheotropic effects observed on 
testing at a temperature lower than that at which 
the initial deformation was performed should be 
equally valid during the course of fracture at constant 
temperature. 

Tests on un-notched specimens at low temperatures 
(III (F) 1) have shown that embrittlement appears 
during the yield-point elongation (which leads to 
heterogeneous deformation and produces macroscopic 
stress concentrations), and increases in the subsequent 
stage of elongation (III (F) 1 (ii)); this embrittlement 
was found to be associated with an increasing pro- 
portion of intergranular fracture, so that rheotropic 
embrittlement can be considered to be increasingly due 
to a reduction of the grain-boundary cohesion. It has 
been shown that an appreciable deformation* is 
necessary to initiate this embrittlement. 

If the deformation exceeds ~10% (8% for some 
steels, 13° for others), the tendency to fracture is 
reduced.t This reduction occurs despite an increase 
in stress, and must therefore be due to a reduction on 
the rate of embrittlement. 

It is necessary to consider the mechanism of 
deformation in polycrystalline materials in order to 
explain rheotropic behaviour, and reference will 
therefore be made to work by one of the authors and 
Jaoul.3® 37, 46 Jt has been shown that in the initial 
stages of deformation, up to a ‘ critical elongation ’ 
ep, the grain boundary strength increases with the 
formation of a layer of highly distorted material 
surrounding the boundaries. The presence of this 
layer has been substantiated by microhardness 





* It is possible that the micro-deformation which 

occurs before the upper yield point is reached may 
produce sufficient accumulation of dislocations at the 
boundaries to initiate fracture. This is likely at very 
low temperatures,*! but no evidence has been obtained 
in the present work. Such accumulations would 
probably be on too small a scale, even if fracture were 
initiated, and the embrittled areas would be too far apart 
to allow a crack to grow to the critical (Griffiths) dimen- 
sions. 
+ Further crystalline fracture reappeared at higher 
elongations in one of the steels, but was probably 
associated with another type of fracture, since the 
appearance tended to be partially fibrous. 
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measurements,*® and leads to high stresses which 
may lead to local triaxiality. For greater deforma- 
tions, these local stresses are gradually reduced,?* 
incorrect polygonization leading to a diffusion of 
dislocations away from the areas in which they have 
accumulated. The value of e, for steels is about 
equal to the yield-point elongation, or slightly 
higher.*”7 Hart‘? has also shown that the maximum 
accumulation of dislocations and the most extensive 
slip bands occur after the end of the yield point 
elongation. 

It follows that if the rate of embrittlement is 
controlled by microscopic internal stresses or by 
accumulations of dislocations, then the maximum 
embrittlement will occur for deformations of the order 
of €. ‘ Rheotropic strengthening ’ appears after €p, 
following the redistribution of dislocations due to 
extensive deformation: this not only reduces grain- 
boundary stresses and renders the initiation of 
fracture more difficult, but may also affect the 
propagation of fracture, by distorting the path of the 
crack. 


4. The transition of initiation—It has been shown 
that bimodal behaviour indicates an overlap of two 
types of fracture in a certain part of the impact- 
strength/temperature curve, corresponding to the 
internal initiation of brittle fracture (lower curve), 
and to the initiation of fracture at the root of the 
notch for ductile fracture (upper curve). These two 
types of fracture are associated with different critical 
conditions, and may be related to local values of the 
stress and the degree of embrittlement. 

There are two possible explanations for the effect 
of temperature on fracture, and the resultant sudden 
rise in impact strength at the transition temperature 
(disregarding its dispersion from sample to sample). 

(i) The ‘ internal ’ hypothesis—Considering the high 
local stresses necessary to initiate internal cleavage, 
a critical angle of bend is sufficient to produce suitable 
stresses at low temperatures, but with increasing 
temperature due to rheotropic behaviour, a tempera- 
ture is reached where the deformation engendered by 
bending tends to decrease the degree of embrittlement 
so that a sufficiently high local stress can no longer be 
obtained. Deformation above the transition tempera- 
ture will therefore not lead to brittle fracture at 
angles of bend obtained by extrapolating the critical 
values which are effective at lower temperatures. The 
critical deformation necessary to initiate ductile 
fracture is greater than that for brittle fracture, so 
that in the absence of suitable stress conditions, there 
will be an increase in impact strength. 

(ii) The ‘external’ hypothesis—This hypothesis 
assumes that the conditions for brittle fracture can 
still exist above the transition temperature, but that 
the critical deformation for ductile (external) fracture 
is fast attained. 

Ductile fracture therefore initiates before suitable 
conditions for internal fracture can arise, and the 
subsequent stress pattern will favour the propagation 
of the externally contracted fracture and decrease 
the possibility of internal fracture. 

Experimental evidence obtained during the present 
work favours the internal fracture hypothesis. It 
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has been shown that in the case of specimens GR 
(III (D) 1) that the deformation necessary to initiate 
an external (ductile) crack is greater than that 
needed for internal (brittle) fracture, and this seems 
to apply to all cases where there is an appreciable 
step in impact strength at the transition temperature. 
This is evidence against the ‘external fracture’ 
theory. Furthermore, the shape of the transition 
curves obtained on the Cr—Mn-Si steel (IIT (C) 1, and 
Fig. 6) shows that the ductile upper branch of the 
curve is practically horizontal near the transition of 
initiation, which seems to indicate that the ductility 
at the root of the notch does not vary much with 
temperature in that range; hence there is no reason 
for a transition of external origin. 

It thus appears that the internal fracture hypothesis 
is a more likely explanation of the transition tem- 
perature and the associated bimodal distribution of 
impact strength. There is insufficient experimental 
evidence to decide whether the explanation is also 
valid for specimens with a V-notch, where bimodal 
behaviour is less evident, and there is a smaller 
difference in impact energies between brittle and 
ductile fracture. 


5. Interpretation of the origin of brittle fracture— 
The areas of plasticity revealed by Fry’s etch on 
notched specimens (III (#) 2) show a departure from 
the pattern predicted by the rigid plastic theory. 
Plastic wedges appear at the corners of the plastic arcs 
predicted by theory for slow bend specimens (Figs. 
33-36), while the lateral arcs of plasticity are less 
pronounced in impact specimens which have received 
an equivalent amount of deformation. 

The wedge-shaped areas indicate that the assump- 
tion of rigid behaviour is untenable, and that elastic 
deformation must be taken into account, while the 
effect of rate of testing indicates that the incubation 
time associated with the propagation of deformation 
is also an important factor. 

At the root of a notch the highest principal stress 
takes large values; but, as triaxiality is low, the 
plastic deformation is easy. In order to produce 
brittle fracture, the mechanism of deformation must 
be inhibited* or constrained. Orowan** has shown 
that little constraint can occur while deformation is 
elastic, since the maximum stresses appear in regions 
of low triaxiality; however, in the case of local plastic 
deformation the maximum stresses may be trans- 
ferred below the surface to regions of appreciable 
triaxiality. Hundy and Green* have shown that the 
zone of maximum stress and maximum triaxiality 
occurs at the tip of the plastic wedge. This constraint 
effect is increased by the incubation time of the 
plastic deformation in the neighbouring plastic arcs. 

If the fracture is considered to originate at the 
point of maximum stress and _ triaxiality, then 
according to Hundy and Green, the origin of fracture 
should be at the tip of the wedge. In specimens UF, 
the wedge extends approximately 1 mm from the 
surface, which is in good agreement with the origin 
of fracture estimated by microfractography (Fig. 26). 
However, the wedges of specimens GR (Fig. 37) 
extend practically to the neutral axis of the specimen, 
where fracture initiation would seem highly unlikely. 
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The point of maximum normal stress is therefore 
an inadequate criterion for the site of the origin of 
fracture, and it seems that the effect of rheotropic 
behaviour must also be considered. It is proposed that 
internal (brittle) fracture will originate at the point 
where the product of the local (macroscopic) stress 
and the rate of rheotropic embrittlement reaches a 
critical value. 

The variation in position of the origin of fracture 
can now be explained on the following lines. The 
higher the local normal stress, the lower is the 
necessary rheotropic embrittlement; in the presence 
of sharp notches, the stress concentration is high, 
and therefore only a small amount of local plastic 
deformation wili be necessary. Since the amount of 
deformation associated with the wedge decreases on 
moving from the surface to the tip, fracture will 
occur near the tip of the wedge. In the case of 
specimens with a rounded notch, the associated 
rheotropic embrittlement must be larger, and fracture 
will therefore take place at some points within the 
plastic wedge. 

The same theoretical treatment allows an explana- 
tion of the effect of temperature on the impact 
strength of brittle specimens. The rate of work- 
hardening decreases with increase in temperature, and 
hence it is necessary to subject a specimen to an 
increased amount of deformation to obtain the same 
criterion of fracture. With increasing ease of plastic 
deformation, the degree of triaxiality is reduced, but 
this is partially compensated by an increase in 
rheotropic embrittlement, while the deformation is in 
the region in which the embrittlement increases with 
deformation. When fracture originates at a point 
corresponding to the maximum in the degree of 
rheotropic embrittlement, the transition temperature 
will have been reached, for any increase in tem- 
perature will subsequently decrease both the degree 
of stress concentration and the degree of rheotropic 
embrittlement. The critical degree of deformation 
has already been established (LV, 3) to be of the 
order of ep. The equivalent elongations calculated 
for the deformation occurring in brittle impact 
fractures (III (#) 2) are seen to be of the same order 
of magnitude as ep, which is additional evidence that 
rheotropic behaviour is responsible both for the transition 
temperature in impact specimens, and the changes 
occurring in low-temperature tensile tests. 

If the above hypothesis is correct, there should be 
a general relationship between the critical elongation 
ep and the deformation which causes a change from 
rheotropic embrittlement to rheotropic strengthening 


(IV, 3). 





* The effect of rate of loading will be discussed later, 
but is certainly negligible in the case of slow bend tests. 

+ As local stress is a function of local strain-hardening 
this statement could be demonstrated graphically at 
each step of bending by drawing two curves, representing 
the strain-hardening and local cleavage strength as a 
function of the position of the centred point below the 
root of the notch with elongation (or percentage deforma- 
tion). The critical local conditions producing fracture 
would then be obtained at the point at which the two 
curves touch tangentially when they first meet. The 
second curve is, however, too hypothetical to make 
this approach quantitative. 
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6. Ductile fracture and the transition of propagation 
—Orowan* © has shown that brittle fracture can 
develop from a ductile crack if plastic deformation is 
inhibited or the yield strength is raised. The two 
main factors which produce this effect (at a given 
temperature) are: 

(i) The degree of triaxiality at the root of the crack 

(ii) The speed of deformation at the root of the 

notch 

The resultant increase in the elastic limit allows the 
local stress at the root of the notch to rise to the value 
which initiates brittle fracture. It appears that 
Orowan considered that the primary ductile crack 
originated by a mechanism similar to necking of 
tensile specimens, whereas the present work has 
shown that a ductile crack is initiated by ductile 
shear. The applicability of the theory is, however, 
unaffected by this development, and offers an 
explanation of some of the effects obtained during the 
present work. 

The rate of variation of strain-hardening with speed 
has already been considered in III (Ff) 4, and sym- 
bolized by vc. The greater the value of 7,, the 
greater the stress for a given value of deformation in 
any one specimen tested at a constant rate of loading; 
ductile fracture can therefore be initiated at lower 
values of initial deformation, so that a high value of 
T- can be expected to reduce the difference in impact 
strengths associated with the transition of initiation 
and bimodal behaviour. This is confirmed by the data 
in Table V: zpR(20°C) (a measure of 7z,-) is higher 
for an ordinary dead-mild steel than for steel C, and 
the associated jump in impact strength for the latter 
steel is very high, ductile fracture only occurring 
after heavy deformation. (There are also other 
factors influencing the embrittlement of these two 
steels. ) 

The effect of temperature must be considered in 
addition to the two factors of triaxiality and rate of 
loading; the effect of temperature can be considered 
in terms of an (apparent) heat of activation for the 
change in strength. It is then possible to make a 
tentative explanation of the propagation transition. 
The higher the temperature, the greater the plasticity, 
so that it becomes increasingly difficult to obtain the 
necessary conditions for brittle propagation fracture.* 
As the percentage of crystalline fracture diminishes, 
the impact strength rises; this further rise above the 
initiation transition thus leads to the propagation 
transition. It can be shown experimentally that if 
the impact strength is low at the beginning of the 
propagation transition (as obtains at low tempera- 
tures), then there is an almost linear relationship 
between the percentage of fibrous fracture and the 
impact strength. This relationship ceases to hold 
when there is an appreciable change in energy at the 
transition of initiation. 

The lower the activation energy, the greater is the 
temperature interval over which the transition of 
propagation occurs. The value of the activation 
energy can also affect fracture through heating effects 
occurring during the test. Deformation at the root 
of the notch can be considerable; in some steels, local 
elongations exceeding 100° have been observed. In 
the presence of a stress of 40 kg/mm? (a typical 
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figure for dead-mild steels) an adiabatic extension of 
100% can raise the temperature by 100° C, and even 
higher temperatures may be attained with harder 
steels. This may therefore be an important factor 
in the good impact strength of heat-treated steels, 
providing that there are no associated intergranular 
failure effects. 

When the activation energy is high, the plasticity 
of the material increases rapidly with temperature, 
and a correspondingly larger amount of deformation 
is necessary to initiate ductile fracture. A high 
activation energy therefore leads to a corresponding 
increase in impact strength at the initiation transition, 
and to a high ductile branch of the impact curve. 

The propagation transition is therefore displaced 
to lower temperatures and at the same time is steeper 
and more abrupt. 

It appears that the process of transition is more 
complex than a direct change from crystalline to 
fibrous fracture. Low impact strengths are associated 
with high percentages of crystalline facets, which 
show characteristic rivers or tongues. As the impact 
strength rises, the associated fracture shows an 
increasing proportion of ductile cleavage facets, which 
can appear crystalline or fibrous depending on their 
dimensions; there is also a percentage of true fibrous 
fracture, with dimples. As the impact strength 
approaches maximum values, the ductile cleavage 
facets are totally replaced by dimples which may be 
extensively elongated where fracture has a strong 
element of shear failure. 

A similar propagation transition seems to occur in 
low-temperature tensile tests on specimens which break 
after necking with a fracture originating at the centre. 

The results obtained in the present work and 
those of other workers indicate that at —196° C the 
fracture is predominantly crystalline, with some 
ductile cleavage facets and dimples (III (/) 1 (iii)). 
The crystalline facets exhibited characteristic river 
effect. At slightly higher temperatures, the central 
zone of the cup of fracture shows fibrous facets, 
surrounded by a ring of crystalline appearance"; 
this central zone obviously corresponds to ductile 
fracture, which is converted into brittle fracture when 
the speed of (radial) propagation reaches a critical 
value. This ring of cleavage fracture naturally 
decreases with increasing temperature, since an 
increasing rate of propagation is necessary to counter- 
act the corresponding increase in plasticity. 

The change in appearance of fracture with tem- 
perature is therefore the same for tensile specimens 
as for impact specimens, with the only difference 
lying in the location of the initial crack. It is there- 
fore possible to consider a propagation transition 
for tensile specimens, which can be followed by the 
variation in the reduction in area and the appearance 
of the fracture surface. 


7. The effect of metallurgical variables on the shape 
of the impact-strength/temperature curve—The shape 
of these curves depends on the relative positions of 
the initiation and propagation transitions, or may 





* Provided that the tests are not held in the blue- 
brittleness range, where there is an increase in strength as 
the temperature rises. 
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be considered in terms of the relative positions of the 
ductile and brittle branches. 

Cr—Mn-Si steels in the embrittled condition are an 
example of the case where the propagation transition 
is at a considerably higher temperature than the 
initiation transition. In ordinary mild-steels, the 
propagation transition is only slightly above the other 
transition, which leads to the lower portion of the 
propagation transition being interrupted by the 
effects due to initiation. Under these conditions, the 
curve may be expected to show an initial rise to an 
intermediate value, followed by a further rapid rise. 
If the lower region of the propagation transition is at 
the same temperature as the initiation transition, the 
resulting impact-strength ‘temperature curve will be 
smooth (Fig. 10). 

It is also possible that the propagation transition 
is almost totally masked by the initiation transition, 
in which case there is a very abrupt jump from 
brittle to ductile behaviour, as is shown in the case of 
steel C (Fig. 8). The associated change in appearance 
of the fracture in this case is essentially due to the 
difference in initiation, a brittle initiation giving a 
greater impulse. 

The present work has shown that when the nature 
of the steel or of the test is changed, the two types of 
transition are generally affected the same way, and 
are raised or lowered together. Since they are both 
affected by rheotropic behaviour, triaxiality, and 
stress concentration, this is not altogether surprising. 

The curves do, however, give the impression that 
the propagation transition is displaced to a greater 
extent; this might be explained by the additional 
factor of the activation energy, which has a greater 
influence on the propagation transition than on the 
initiation transition. (The amount of energy involved 
in brittle fracture is small, and the consequent heating 
effects are also small.) The effect of temperature on 
pile-up of dislocations should also be considered, and 
since this is of greatest importance in the cases of 
heavy deformation associated with ductile fracture, 
the effect of temperature will be greater on the ductile 
fracture curve than on the brittle fracture curve. 

Several microstructural effects have been con- 
sidered, which can be divided as follows: 

(i) Effects associated with the grain-boundaries— 
Factors which decrease the grain-boundary cohesion 
tend to raise the propagation transition appreciably, 
though reducing the overall cohesive strength and 
the stress required to transform a ductile crack into 
a brittle crack. Under this heading can be considered 
the temper-brittleness of alloy steels (III (C) 1), the 
grain size (III (C) 2) and the presence of grain- 
boundary constituents (films of cementite, or islands 
of pearlite surrounded by cementite are the most 
detrimental aggregates (III (C) 2). Steel C seems to 
owe its remarkable impact strength to the absence 
of grain-boundary films of cementite. 

(ii) Effects associated with the grains—General 
precipitation within the grains will obstruct the 
passage of dislocations, and diminish the possibility of 
a large pile-up of dislocations at the grain-boundaries. 
This will have the effect of reducing the possibility of 
brittle fracture (III (C) 2) and hence will tend to 
reduce the transition temperature. In the absence 
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of grain-boundary films of carbide, the protective 
carbide precipitates probably extend right up to the 
boundary; if carbide is present at the boundaries, it 
will tend to divert some of the carbon which would 
otherwise precipitate within the grains during cooling. 
The presence of many well-distributed carbides is 
thus an additional factor which may be responsible 
for good impact strength in heat-treated alloy steels, 
together with the local heating effects mentioned in 
paragraph 6. The good properties of steel C may 
also be partially due to the intragranular distribution 
of carbides. 

It should be mentioned that the effect of very fine 
precipitates is more complex, since it is well known 
that ageing is detrimental, and raises the transition 
temperature. To obtain a complete picture it is 
necessary to take into account the precise distri- 
bution of the precipitates, their number, and their 
position relative to dislocations. 

The method of de-oxidation can also have an 
appreciable influence on the transition temperature, 
although it is not known whether this is an intra- 
granular effect. The differences obtained with 
various de-oxidants have been discussed (III (C) 1), 
and further work is in progress in order to correlate 
these effects with the results of Allen and Rees.?* 


Vv. SUMMARY AND CONCLUSION 

The principal conclusions will now be summarized, 
and examined in the light of their practical implica- 
tions. 

A detailed examination has been made of the path 
of fracture, using a variety of microscopical methods. 
These include the direct examination of plated 
fracture surfaces by optical and electron microscopes, 
and the examination of fracture facets by carbon 
replica microfractography. 

The latter technique has shown that there are 
characteristic surface markings on brittle cleavage 
facets, which have been called rivers and tongues, 
and which are probably related to dislocations. 
Fibrous fractures show dimples, which are randomly 
arranged when tearing takes place at right angles to 
the fracture surface, but may be elongated when a 
shear fracture is involved. A new intermediate type 
of fracture appearance has been observed, which is 
characterized by curved cleavage facets (probably 
associated with slip planes which have been weakened 
by deformation), and which may appear crystalline 
or fibrous to the naked eye, depending on the size 
of the facets. 

The surface markings can be used to indicate the 
direction in which a crack has been propagating, and 
hence the point of origin of the fracture can be 
determined. It has been shown that brittle fracture 
in impact specimens is associated with an internal 
crack followed by cleavage, while ductile fractures 
occur through tearing of cracks originating at the 
root of the notch (after heavy local deformation). 
There is therefore definite indication of two types of 
initiation. 

A statistical analysis of the scatter of results 
obtained in the lower part of the transition curve 
has shown that the impact strengths at any one 
temperature cannot be fitted into a normal distribu- 
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tion, but tend to fall into two separate groups with 
high and low energy values (a ductile and a brittle 
group). This can be described statistically as bimodal 
behaviour. This bimodal behaviour can be correlated 
with the two types of initiation already observed. 
The ductile group of energies is associated with 
fracture at the root of the notch, while the brittle 
group of energies is associated with internal cracking. 
The temperature range in which the two types of 
initiation co-exist can be called the region of initiation 
transition. 

Ductile specimens in the initiation transition region 
have varying amounts of fibrous fracture associated 
with high impact strength. The pearlite-free steels 
have a fracture surface which is almost entirely fibrous, 
corresponding to their very good impact properties. 
However, in the case of ordinary dead-mild steels 
and alloy steels, the ductile specimens found in the 
transition of initiation show fractures with an 
appreciable proportion of crystalline facets. The 
amount of crystalline facets decreases with increase 
in temperature, and the impact strength rises in 
proportion. This effect can be associated with the 
increasing difficulty of propagation of a ductile crack; 
therefore the change in impact strength can be 
associated with a propagation transition. 

The final form of the impact strength/temperature 
curve is thus determined by the relative position and 
extent of the two types of transition. The propaga- 
tion transition is generally above the initiation 
transition. A large interval between the two types 
of transition will lead to a relatively flat impact- 
strength/temperature curve, while if the two tran- 
sitions coincide, the resultant curve will show abrupt 
rise at a critical temperature (this effect occurs in 
the pearlite-free steel and in pure iron*’). The 
effect of many metallurgical variables such as compo- 
sition and heat-treatment can be rationalized on this 
basis and can be discussed in terms of properties 
associated with the grain-boundaries and the matrix. 
Certain types of grain-boundary precipitates have a 
disastrous effect on the impact strength (notably 
islands of pearlite surrounded by cementite), while an 
even distribution of carbide precipitates within the 
grain can raise the impact strength. 

Several analogies can be drawn between impact 
tests and tensile tests performed at low enough 
temperatures to produce brittle fracture. Two main 
types of fracture have been observed in tensile tests: 

(i) A brittle fracture, associated with crystalline 
facets and initiation of fracture at or near the surface; 
this type of fracture occurs before the maximum load 
s attained. At —196° C, brittle behaviour can be 
divided into two groups, depending on whether 
fracture occurs during the yield elongation (associated 
with Liiders lines), or after the yield-point elongation. 
No cases of brittle fracture were observed in which 
there was a complete absence of plastic deformation 
(even when notched specimens were used). 

(ui) A ductile fracture, associated with varying 
proportions of crystalline and fibrous surfaces, depend- 
ing on the temperature; this type of fracture only 
occurs after necking. There is therefore a propagation 
transition analogous to that found in the impact 
tests. This type of fracture also exhibits ‘ curved 
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cleavage ’ facets under suitable conditions. 

Ductile tensile fractures differ from the corres- 
ponding ductile impact test fractures in the location 
of the original ductile crack, which is central in the 
tensile test but at the root of the notch in the impact 
test. 

In addition to these points of comparison, tensile 
tests can also be made to yield bimodal behaviour at a 
given temperature (cf. dead-mild steel at —196° C). 
Two important factors must be taken into considera- 
tion to explain the experimental data obtained from 
low-temperature tensile tests. 

(i) The increase in strength obtained’ through 
work-hardening which is in turn affected by tempera- 
ture and the rate of deformation 

(ii) The degree of rheotropic behaviour, or the 
effect of deformation on the intrinsic cleavage strength. 
This results in embrittlement for small deforma- 

tions, and an increase in ductility for heavier 
deformations. These effects have been correlated 
with features of the stress/strain curve, dislocations, 
and the intergranular strength. 

In impact tests, the effect of triaxiality has to be 
added to the factors operating in the tensile tests. 
Experimental and theoretical work similar to that of 
Green and Hundy*‘ has shown that fracture is always 
initiated in a deformed region, even in the case of 
brittle fracture. This has allowed a qualitative 
explanation of the location of the origin of fracture. 

In the case of ductile fracture and the propagation 
transition, theoretical considerations have shown 
the importance of two factors which tend to increase 
the effective stress for a given deformation. These 
factors are (a) the susceptibility of a steel to the 
rate of loading (as emphasized by Orowan*), and 
(b) the effect of temperature (expressed in terms of an 
apparent activation energy). This latter factor owes 
its importance to the extensive deformation which 
occurs at the root of the notch, and which can produce 
a rise in temperature approaching 200° C (for hard 
and tough steels) if conditions of deformation are 
assumed to be quasi-adiabatic. 


Practical Implications 


To obtain the maximum safety for industrial 
structures, it seems necessary to determine the 
propagation transition for a specimen with the sharpest 
possible notch. Above this temperature the structure 
should be completely immune to brittle fracture. 
Although several tests have been devised, their 
interpretation is often complicated. Notched impact 
tests, utilizing a V-notch, seem at first sight to 
satisfy the necessary conditions, but the normal V- 
notch does not seem to be sufficiently sharp to give 
complete safety under all conditions. V-notch 
specimens also suffer from the disadvantage of 
appreciable scatter in the results, and the point of 
the origin of fracture is uncertain. For this reason, 
much of the present work was done with U-notches, 
which allow a better distinction between the various 
types of possible transition, and the influence of 
metallurgical variables. The results obtained by the 
present work suggest that it might be possible 
to use the information derived from U-notches in 
two ways: 
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metallurgical variables, 
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(i) To investigate the relative effects of the various 
and eventually reduce their 


detrimental behaviour. 


(ii) To determine a suitable margin of tempera- 


ture, varying with the material and the shape of the 


i. 


impact-energy/temperature curve, which, when added 


to 


the transition* temperature determined in the 


test on U-notched specimens, will provide a suitable 
margin of safety in service. 





* Transition temperature as defined in (ITI(A)4-5). 
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Corrigenda 
On Figs. 1, 2, 3, 5, 6, 7, 8, 9, and 10, fracture energy should be expressed 
in “kg.m/em?”’ and not ** kg/em?”’. 
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Correspondence on the Paper— 
THE STRAIN AGEING OF ALPHA-IRON* 
By W. R. Thomas and G. M. Leak 


Dr. B. Edmondson (National Physical Laboratory) 
wrote: Some comment seems necessary on the comparison 
which the authors make between the activation energies 
for strain ageing and for the diffusion of carbon and 
nitrogen. 

The investigation demonstrated clearly the applica- 
bility of the relation previously derived’ ? for the time- 
dependence of strain-ageing: 

In (1 — q) = al (57 
where a, Z, and A are constants, qg is the fraction of 
solute which has migrated to dislocations in time ¢ at a 
temperature 7’, and D is the diffusion coefficient of the 
solute. This relation may be expanded to allow for the 
temperature-dependence of D: 

/ 2/3 2/8 
In (1 —q) = at( So") (exp - 4 ene (I) 
where Qp is the activation energy for diffusion of the 
solute and D, is a constant. 

In considering the ‘activation energy’ for strain 
ageing, the authors discard this relation and assume a 
simpler, Boltzmann-type, time-temperature dependence 
for the process, implying that the rate of strain-ageing 
is proportional to exp —Q/k7’, where Q is the ‘ activation 
energy ’ of the process. That is, the relation 


See 
kT 

is assumed (where B is a constant), which is quite different 
in form from that previously demonstrated to be valid. 
Clearly, the values of Q thus determined should not have 
been compared, without further consideration, with the 
value for the activation energy for diffusion of the solute, 
since the latter (Qp) occurs in the more complicated, 
correct relationship (I) in quite a different way. 

A rather more satisfactory procedure would be to 
consider the slopes of the series of straight lines illustrated 
in Fig. 3 of the paper, viz.: 

AD \2'3 (__—s Qv\2/3 
Slope (9) = al( =) (exp _ 2) 

From the ratio of the slopes of two of these lines, 
determined for two temperatures 7’, and T’, a value of 
Qp may be obtained: 


A a 


7 = Bexp _ 


—  Qp\ 23 
0, fey" 7 - ey, 
a, "AT Tie, 
F. : exp — te 
¥ 2 


The value of Qp for nitrogen obtained in this way, 
from the authors’ curves, is 17-6 keal. 

It is necessary now to consider why, if the Boltzmann- 

1 
r should 
have yielded a series of straight lines, and why the slopes 
of these lines should have given values of Q which are 
similar to the values of Qp calculated in the more correct 
manner. Analysis of the strain-ageing relationship (I) 
shows why this is the case. By transposing equation (1) 
= In(1—g)]32 KT _ OD 
aL ADy~ 


type relationship does not hold, a plot of log t/ 


whence 


_3 = a _ k uk aes Qp 
waa nan [ma 0 | +Ingppedp, + @? +Ep 





* J. Iron Steel Inst., 1955, vol. 180, June, pp. 155-161. 
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If, as was the authors’ procedure, values of In¢ are 
obtained at various temperatures for a fixed value of q, 
we have: 

, QD 


' kT 

Since the variation of In T is negligible compared 

with the variation of Qp/kT’, then, approximately: 

QD 

kT 

which is the same as the logarithmic form of the relation 
assumed by the authors in their determination of the 
‘ activation energy ’ of the process. Evidently, then, the 
activation energy Q which the authors obtained was 
almost identical with the Qp of the valid relationship, 
and comparison of the values was in fact allowable, in 
this particular case. 

In general, however, the ‘ activation energy’ of a 
macroscopic process determined by an application of a 
simple Boltzmann-type law will not correspond directly 
with the activation energy of the underlying atomic 
process. Measurements of ‘activation energies’ of 
macroscopic processes are therefore unlikely to be of 
real use unless they are backed by quantitative theories 
which demonstrate clearly the meaning of the measure- 
ments. The difficulty, which seems to be not generally 
realized, has probably arisen from an over-employment 
of the term ‘ activation energy.’ The term, in its correct 
usage, is concerned solely with the energy involved in 
unit atomic processes, and only in very special cases will 
it be connected in a simple manner with the rate of the 
macroscopic manifestations of such a process. 


In ¢ = const C + In T - 


In ¢ = const # + 





AUTHORS’ REPLY 
Dr. W. R. Thomas and Dr. G. M. Leak (B.1.S.R.A.) 


wrote in reply: Dr. Edmondson’s analysis of the pro- 
cedure adopted to obtain the ‘ activation energy ’ for 
strain ageing is very important and had obviously been 
overlooked in the paper under discussion. Similar re- 
marks must refer to many papers published in the past. 
It is to be hoped that Dr. Edmondson’s discussion will 
be noted by other authors about to calculate activation 
energies for similar mechanisms. 

In fact, our calculation of ‘ activation energy ’ was 
based not on Dr. Edmondson’s equation (I) but on the 
original equation derived by Cottrell and Bilby 


yocanae 


Following Dr. Edmondson, this leads to 
In ¢ = In (k/ADo) + In T + Q/kT 

For the temperature range under consideration in 

Fig. 7 of our paper (24—54° C for nitrogen), for example, 

this again leads to Dr. Edmondson’s result: 

Q 

kT 

The error introduced into the calculation of the ‘ activa- 

tion energy ’ by ignoring the In7’ term amounts to about 

0:6 keal in the case of nitrogen. As Dr. Edmondson 

pointed out, it is thus fair for us to compare this ‘ activa- 

tion energy ’ with that for diffusion of nitrogen in a-iron. 


In(q/%L)3/2 


In ¢ = const 
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BESSEMER CENTENARY LECTURE 





Sir Henry Bessemer, 1813-1898 


By James Mitchell, C.B.E. 


Some ten years ago a book, inspired by the centenary of a well-known newspaper first 


published in 1846, appeared with the appropriate title “ Roaring Century.” 


Our thoughts 


this evening are of the birth of an industry which has made more than its own contribution 


to this centennial cacophony. 


In the preface to this volume! there is a quotation which 
{ 


would seem to be apposite, in view of the dates with which we are now concerned, and I am 
grateful to Mr. Geoffrey Crowther, whose words they are, for permission to quote : 
* Those who like to amuse themselves with historical parallels may reflect that 
in modern history the great dividing lines have occurred round about the middle 


of the calendar centuries and not at their beginnings. 


It is in the 40’s and 50’s of 


each century that the great decisions have been reached which have sent western 


civilisation off on a new tack. 


New men and new ideas get control in the 40°s and 


50’s and for a few decades work out the new pattern.” 
To-day we mark the centenary of Bessemer’s invention of 1856, although perhaps not 
a little perturbed with the reverberations of the atomic discovery which rolled round the 


world in 1945! 
Bessemer certainly 


“sent western civilisation off on a new tack,” and this thought 


should focus our attention on the ways in which it would appear to be desirable that we 
should let our thoughts travel on this particular occasion. Not only must we remember 
the man, but we should consider the nature of his contribution to human progress and 
have some regard for the change of course which this has produced in the evolution of 





civilisation. 


WITHOUT DETRACTING from our tribute to the 
inventor, it is surely right that we should have a full 
appreciation of the significance of the invention. It 
is this consideration more perhaps than any other 
which makes the controversies of one hundred years 
ago, with which Bessemer’s name has been inevitably 
linked, seem so relatively unimportant. The world 
was given its new material of construction on the 
production of which, ultimately, a great industry was 
based, and there is little doubt that, whatever con- 
tributions may have been made by those whose names 
were associated in greater or lesser degree with 
Bessemer’s, he was the real accoucheur of the infant 
industry which grew to strident manhood in such a 
short period of time. We shall return to the personal 
side of our subject later, but meantime let us think 
in rather more detail of the significance attached to 


JUNE, 1956 1 


9 


the ability to provide virtually unlimited quantities 
of what we know to-day as mild steel. 

The engineer of one hundred years ago could make 
a casting from the available relatively brittle and non- 
malleable pig iron; the bridge-builder or sihp- 
builder could make a bridge or a ship with malleable 
iron, whilst the cutler or the instrument maker could 
make tools, cutlery, or instruments from the appro- 
priate commercial form of steel, but there were at 
least two all-important limitations on these activities 
—the methods of producing malleable iron and steel 





The Bessemer Centenary Lecture was delivered at the 
Royal Institution, Albemarle Street, London, W.1, on 
the evening of Tuesday, 15th May. 1956. 
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were not only relatively costly but were also such that 
an increase of production on a major scale was im- 
practicable. The Bessemer process of steel production, 
therefore, not only provided less costly materials for 
existing uses but made possible an unlimited ex- 
pansion of production. 

These advantages accrued to a civilization which 
was at the point of expanding rapidly in engineering, 
railways, and shipbuilding: in fact, in all these 
activities which today depend on the steel industry 
for their raw materials and which, incidentally, we 
take for granted. Gustave Eiffel designed the first 
lattice iron bridge for a French railway in 1855, the 
forerunner of many others not only in France but all 
over the world. The railway boom in this country 
was but 10-15 years old, whilst the development of 
the great open spaces of the American continent was 
only awaiting the production of sufficient material for 
the railways which were to span its distances. Per- 
haps we should pause at this point also to notice that 
in the matter of the actual rails, the high replacement 
cost of the short-lived malleable-iron rail was reduced 
by the better working characteristics of the new less 
costly material, so that not only development but 
maintenance was effected. The Queen Elizabeth 
was implicit in the first steel ship ever built in 1863, 
whilst, whatever we may think of their aesthetic 


value, skyscrapers and the elaborate concrete con- 
structions of today only became possible when steel 
became cheap and plentiful. 

This is but a mere verbal outline of some of the 
direct consequences of the introduction of mild steel. 
Many writers and thinkers have attempted to express 


the indirect consequences, but it seems well nigh 
impossible to do justice to these, without verging on 
apparent hyperbole. It was an American commenta- 
tor? who said : 
the Bessemer invention takes rank with the 
great. events which have changed the face of society since 
the Middle Ages. Theinvention of printing, the construc- 
tion of the magnetic compass, the discovery of America 
and the introduction of the steam engine are the only 
capital events in modern history which belong to the same 
category as the Bessemer Process.” 

It has also been pointed out that many of the 
indirect consequences of Bessemer’s discovery were 
far-reaching, although not always apparent on the 
surface. One writer draws attention to the reduction 
in the cost of construction of railways? which : 

: . was so greatly lessened as to permit of their 
extension to the most distant regions, and the cost of 
transportation was brought so low as to bring into the 
markets of the world perishable sharages which were 
formerly excluded from them . 

The first striking result of the cheape ning in n the cost ‘of 

production in transportation of food products was felt 

in Great Britain which is now impelled to import two 
thirds of its consumption 

The profitable raising of wheat became ‘practically im- 

possible. 

Another author points out that 

‘The farmers and cattle breeders of Great Britain 
found themselves brought into competition with regions, 
the very existence of which they had scarcely heard of 
before.” 

The importance and significance of the product which 

Bessemer’s discovery made possible are therefore of 

the first order and the widest applicability. 
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The story of how Bessemer became interested in 
ferrous materials and their properties, in the first 
instance, is well known. He had invented a rotating 
projectile, the propulsion of which in the required 
direction for the required distances proved too much 
for the cast-iron cannon of that day. As has happened 
on other occasions, the engineer was awaiting the next 
advance of the metallurgist. The engineer in this 
case was not prepared to do the waiting, and Bessemer 
regarded the need for better material for ordnance as 
a personal challenge. That he acted with celerity may 
be seen from a look at dates. Tests on his rotating 
projectile took place in France in December 1854, 
and on 10th January 1855 we find in the records 
of the Patent Office Bessemer’s first application for 
‘ Improvements in the Manufacture of Iron and Steel”’ 
—characteristic of the energy and promptitude with 
which, throughout a long life, he attacked a multitude 
of problems. There followed about eighteen months 
of intense experimental activity, and on 11th August 
1856 at a British Association Meeting at Cheltenham, 
Bessemer read a paper on * The Manufacture of [ron 
without Fuel.” It was a provocative title, and, 
bearing in mind the limited technical practices of the 
day, it described a startling technique : the proposal 
to blow cold air through molten iron and finish up with 
material hotter than that with which one started and 
with a ductile and malleable product instead of a 
hard brittle one must have come as a considerable 
shock to the ironmasters and engineers of 1856. 

Not a few people went to the meeting to scoff and 
remained, if not to pray, at least to praise. It was 
this underestimate of the importance which, in- 
directly, led to the publication in full of this historic 
paper in The Times newspaper.* Their correspondent 
at the British Association Meeting confessed to 
Bessemer that, largely owing to the jocular comments 
he had heard before the reading, he had not taken as 
full a report as he wished. If Bessemer would lend 
him a copy he promised that it would appear in full 
in The Times.° This it did in the issue of 14th August, 
1856, thus ensuring to that journal what, in the light 
of after-events and in the slang of to-day, would be 
called a ‘scoop.’ If a journalist of that day was im- 
pressed to this extent by the change in the atmos- 
phere during the meeting, how great must that have 
been. 

There are two main themes running all through the 
paper: the production of malleable iron which was 
much better than anything then known and the 
achievement of the high temperature necessary to 
melt this without extraneous heat. These, together 
with the method, were the burden of Bessemer’s dis- 
closure. The description of the apparatus reads like 
a patent specification, from which it may well have 
been taken—there is a wealth of meticulous detail. 
The advantages of the product over wrought iron are 
dealt with in, what for the ironmasters of the day, 
must have seemed minatory terms—freedom from 
slag, unlimited size, no hard spots, better rolling 
properties and so forth. 

The reader of the paper today is immediately struck 





* The text of this report appears between pp. 180 


and 181 of this issue. 
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The following report of the Cheltenham Meeting of the British Association 
for the Advancement of Science is reprinted, by kind permission, from 


‘© The Times’? for Thursday, 14th August, 1856. 


ASSOCIATION FOR THE ADVANCEMENT 


UF SCIENCE. 


BRITISH 


CHELTENHAM, Auge. 13. 


ON THE MANUFACTURE OF MALLEABLE IRON AND 
STEEL WITHOUT FUEL. 
Mr. H. Bessemer read the following paper at the British 
\ssociation on Monday last: 

‘The manufacture of iron in this country has attained such 
an important position that any improvement in this branch 
of our national industry cannot fail to be a source of general 
interest, and will, I trust, be a sufficient excuse for the present 
brfef, and, | fear, imperfect paper. I may mention that for 
the last two years my attention has been almost exclusively 
directed to the manufacture of malleable iron and steel, in 
which, however, I had made but little progress until within the 
last eight or nine months, The constant pulling down and 
rebuilding of furnaces, and the toil of daily experiments with 
large charges of iron, had already begun to exhaust my stock of 
patience; but the numerous observations I had made during 
this very unpromising period all tended to confirm an entirely 
new view of the subject, which at that time forced itself upon 
my attention—viz., that 1 could produce a much more intense 
heat without any furnace or fuel than could be obtained by 
either of the modifications I had used, and consequently that | 
should not only avoid the injurious action of mineral fuel on the 
iron under operation, but that | should at the same time avoid 
also the expense of the fuel. Some preliminary trials were 
made on from 10 lb, to 20 Ib. of iron, and, although the process 
was fraught with considerable difficulty, it exhibited such 
unmistakeable signs of success as to induce me at once to put 
up an apparatus capable of converting about 7 cwt. of crude 
pig iron into malleable iron in 30 minutes. With such masses 
of metal to operate on, the difficulties which beset the small 
laboratory experiments of 10 lb. entirely disappeared. On this 
new field of inquiry I set out with the assumption that crude 
iron contains about 5 per cent. of carbon; that carbon cannot 
exist at a white heat in the presence of oxygen without uniting 
therewith and producing combustion; that such combustion 
would proceed with a rapidity dependent on the amount of 
surface of carbon exposed; and, lastly, that the temperature 
which the metal would acquire would be also dependent on the 
rapidity with which the oxygen and carbon were made to combine, 
and consequently that it was only necessary to bring the oxygen 
and carbon together in such a manner that a vast surface should 
be exposed to their mutual action, in order to produce a 
temperature hitherto unattainable in our largest furnaces. With 
a view of testing practically this theory, | constructed a cylindrical 
vessel of three feet in diameter and five feet in height, somewhat 
like an ordinary cupola furnace, the interior of which is lined 
with fire bricks, and at about two inches from the bottom of it 
I insert five tuyére pipes, the nozzles of which are formed of 
well-burned fire clay, the orifice of each tuyere being about 
three-eighths of an inch in diameter; they are so put into the 
brick lining (from the outer side) as to admit of their removal 
and renewal in a few minutes when they are worn out. At one 
side of the vessel, about half way up from the bottom, there is a 
hole made for running in the crude metal, and on the opposite 
side there is a tap-hole stopped with loam, by means of which 
the iron is run out at the end of the process. In practice this 
converting vessel may be made of any convenient size, but I 
prefer that it should not hold less than one, or more than five 
tons, of fluid iron at each charge. he vessel should be placed 
so near to the discharge hole of the blast furnace as to allow the 
iron to flow along a gutter into it; a small blast evlinder will be 
required capable of compressing air to about 8 Ib. or 10 Ib. to 
the square inch. A communication having been made between 
it and the tuyéres before named, the converting vessel will be 
in a condition to commence work; it will, however, on the 
occasion of its first being used after relining with firebricks be 
necessary to make a fire in the interior with a few baskets of 
coke, so as to dry the brickwork and heat up the vessel for the 
first operation, after which the fire is to be all carefully raked 
out at the tapping hole, which is again to be made good with 
loam. The vessel will then be in readiness to commence work, 
and may be so continued without any use of fuel until the brick 
lining in the course of time becomes worn away and a new lining 
isrequired. | have before mentioned that the tuyéres are situated 
nearly close to the bottom of the vessel; the fluid metal will 
therefore rise some IS inches or 2 feet above them. It is therefore 
necessary, in order to prevent the metal from entering the 
tuyére holes, to turn on the blast before allowing the fluid 
crude iron to run into the vessel from the blast furnace. This 
having been done, and the fluid iron run in, a rapid boiling 
up of the metal will be heard going on within the vessel, the 
metal being tossed violently about and dashed from side to 
side, shaking the vessel by the force with which it moves, from 
the throat of the converting vessel. Flame will then immediately 
issue, accompanied by a few bright sparks. This state of things 
will continue for about 15 or 20 minutes, during which time 
the oxygen in the atmospheric ir combines with the carbon 


contained in the iron, producing carbonic acid gas, and at the 


same time evolving a powerful heat. Now, as this heat is 
generated in the interior of, and is diffusive in innumerable 
fiery bubbles through, the whole fluid mass, the metal absorbs 
the greater part of it, and its temperature becomes immensely 
increased, and by the expiration of the 15 or 20 minutes before 
named that part of the carbon which appears mechanically 
mixed and diffused through the crude iron has been entirely 
consumed, The temperature, however, is so high that the 
chymically combined carbon now begins to separate from the 
metal, as is at once indicated by an immense increase in the 
volume of flame rushing out of the throat of the vessel. The 
metal in the vessel now rises several inches above its natural 
level, and a light frothy slag makes its appearance, and is thrown 
out in large foam-like masses. This violent eruption of cinder 
generally lasts about five or six minutes, when all further 
appearance of it ceases, a steady and powerful flame replacing 
the shower of sparks and cinder which always accompanies the 
boil. The rapid union of carbon and oxygen which thus takes 
place adds still further to the temperature of the metal, while 
the diminished quantity of carbon present allows a part of the 
oxygen to combine with the iron, which undergoes combustion 
and is converted into an oxide, At the excessive temperature 
that the metal has now acquired, the oxide as soon as formed 
undergoes fusion, and forms a powerful solvent of those earthy 
bases that are associated with the iron. The violent ebullition 
which is going on mixes most intimately the scoria and metal, 
every part of which is thus brought in contact with the fluid 
oxide, which will thus wash and cleanse the metal 
thoroughly from the silica and other earthy bases which are 
combined with the crude iron, while the sulphur and other 
volatile matters which cling so tenaciously to tron at ordinary 
temperatures are driven off, the sulphur combining with the 
oxygen and forming sulphurous acid gas. he loss in weight 
of crude iron during its conversion into an ingot of malleable 
iron was found on a mean of four experiments to be 124 per cent., 
to which will have to be added the loss of metal in the finishing 
rolls. This will make the entire loss probably not less than 
18 per cent., instead of about 28 per cent., which is the loss on 
the present system. A large portion of this metal is, however, 
recoverable by treating with carbonaceous gases the rich oxides 
thrown out of the furnace during the boil. These slags are 
found to contain innumerable small grains of metallic iron, which 
are mechanically held in suspension in the slags, and may be 
easily recovered. 1 have before mentioned that after the boil 
has taken place a steady and powerful flame succeeds, which 
continues without any change for about 10 minutes, when it 
rapidly falls off. As soon as this diminution of flame is apparent 
the workman will know that the process is completed, and that 
the crude iron has been converted into pure malleable iron, 
which he will form into ingots of any suitable size and shape by 
simply opening the tap-hole of the converting vessel and allowing 
the fluid malleable iron to flow into the iron ingot moulds placed 
there to receive it. The masses of iron thus formed will be 
perfectly free from any admixture of cinder, oxide, or other 
extraneous matters, and will be far more pure and in a forwarder 
state of manufacture than a pile formed of ordinary puddle bars. 
And thus it will be seen that by a single process, requiring no 
manipulation or particular skill, and with only one workman, 
from three to five tons of crude iron passes into the condition of 
several piles of malleable iron in from 30 to 35 minutes, with the 
expenditure of about one third part of the blast now used in a 
finery furnace with an equal charge of iron, and with the 
consumption of no other fuel than is contained in the crude iron, 
lo those who are best acquainted with the nature of thuid iron 
it may be a matter of surprise that a blast of cold air forced into 
melted crude iron is ¢ apable of raising its temperature to such a 
degree as to retain it in a perfect state of fluidity after it: has 
lost all its carbon, and is in the condition of malleable iron, 
which in the highest heat of our forges only becomes sottened into 
a pasty mass. But suc h is the excessive temperature that | 
am enabled to arrive at with a properly shaped converting 
vessel and a judicious distribution of the blast that To am 
enabled not only to retain the fluidity of the metal, but to 
create so much surplus heat as to re-melt the crop ends, ingot 
runners, and other serap that is made throughout the process, 
and thus bring them without labour or fuel into ingots of a 
quality equal to the rest of the charge of new metal. For this 
purpose a small arched chamber is formed immediately over 
the throat of the converting vessel, somewhat like the tunnel 
head of the blast furnace. This chamber has two or more 
openings on the sides of it, and its floor is made to slope downwards 
to the throat. As soon as a charge of fluid malleable iron has 
been drawn off from the connecting vessel the workman will take 
the scrap intended to be worked into the next charge and proceed 
to introduce the several pieces into the small chamber, piling 
them up around the opening of the throat. When this is done 
he will run in his charge of crude metal, and again commence 
the process. By the time the boil commences the bar ends 
or other scrap will have acquired a white heat, and by the time 
it is over most of them will have been melted and run down 
into the charge. Any pieces, however, that remain may then 
be pushed in by the workman, and by the time the process is 
completed they will all be melted, and ultimately combined 
with the rest of the charge, so that all scrap iron, whether cast 
or malleable, may thus be used up without any loss or expense. 
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larger set of tuyére pipes were then put in, and a fresh charge 
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union of a number of separate pieces welded together it will be 
far more simple and less expensive to make several bars or rails 
from a single ingot; doubtless this would have been done long 
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with the awareness of the lines on which the method 
must, and indeed did, ultimately develop. Practically 
all the important matters having a bearing either on 
the product or the process are mentioned. It is 
stated that, whilst primarily the method produces 
fluid malleable iron which can be cast and worked, 
free from all the deficiencies of the puddled iron of the 
day, the possibility of a range of material of varying 
carbon content, from traces to cast-iron proportions, 
is clearly indicated. The ability to produce large 
masses of any quality for engineering work is specially 
noted, whilst the economic advantages of the largest- 
scale production possible is recognised, as is the need 
to have all operations of a series in what to-day is 
called an integrated plant, properly balanced. 

The recovery of iron pellets from the slag or from the 


converter ejections is recommended, and the use of 


scrap, even down to the thrifty use of waste-heat 
methods of preheating it, is clearly described. All 
these aspects of almost universal applicability were 
appreciated by one whose experience of the iron 
industry was of months’, rather than of years’, dura- 
tion, and at a time when the steel industry, as we know 
it today, was as yet hardly born! This paper was 
indeed the charter on which it was founded, and the 
completeness of its statement of general principles is 
a major tribute to Bessemer’s perspicacity and pre- 
science. 

Some of the explanations advanced in giving a very 
graphic description of the blow may not stand up to 
modern metallurgical theory, but there is no doubt that 
he had a fairly clear idea, in general terms, of what 
happened when iron was blown down to steel. 

Coming down to a more mundane plane, there 
remains one other outstanding feature of the paper 
its claim to be regarded as a very fine effort in sales- 
manship. Proof of this, if proof were necessary, 
comes from the number of licences which were taken 
up within a few weeks of the meeting. Five separate 
firms in widely dispersed areas took up licences to 
make iron by the new process from their own available 
pig-iron supplies. They paid, in all, £27,000. There 
was at least one other who attempted to operate the 
process without this formality. In all cases, how- 
ever, the results were the same. The first halcyon 
flush of enthusiasm was over and, in each case, to 
quote Bessemer himself, “*. . . . the results of the trials 
were most disastrous.”*? Brittle when cold, unwork- 
able when hot, the metal produced showed no resem- 
blance to the sample bars which Bessemer had made 
in his trial furnace and which he had exhibited with 
such justifiable pride at the British Association 
Meeting. Bessemer, like that other unfortunate in the 
Shakespeare Sonnets, was 





“ec 


The painful warrior, famouseéd for fight, 
After a thousand victories, once foiled, 
Is from the book of honour razed quite, 
And all the rest forgot for which he toiled.” 


This setback was the prelude to two to three years 
of hard and unrewarding labour. In fact, it took 
rather longer to define the limits of the process than it 
had taken to evolve it in the first place. The com- 
position of the pig iron was an obvious starting point, 
and from there Bessemer set out on his quest. It is 
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perhaps difficult for us, used as we are to analysis 
figures obtained in a matter of minutes, to appreciate 
the time which such an investigation would take one 
hundred years ago, especially when the actual cause 
of the trouble was unknown. The analytical efforts of 
‘a well-known Professor of Chemistry,’® at last made 
it clear that phosphorus was one of the impurities 
which accounted for the unsatisfactory nature of the 
product and the apparent failure of the process. This 
discovery was followed by a futile experimental 
campaign designed to remove phosphorus: blowing 
gases (hydrogen, methane, etc.) through the metal 
was tried, as was the use of fluxes. The advocates of 
the ultra-scientific approach to technical problems 
will find a considerable amount of ammunition against 
empiricism in the efforts of Bessemer at this time. In 
the end the problem was left to be solved twenty years 
later by the genius of Sidney Gilchrist Thomas, and 
Bessemer turned his attention to the production of 
low-phosphorus irons as a starting point. Whilst en- 
gaged in the quest for low-phosphorus and low-sulphur 
British iron, Bessemer decided to import a quantity 
of Swedish charcoal pig iron which was known to 
be low in these elements. He had obviously two 
ends in view : (i) to confirm that phosphorus was the 
element he must remove, and (ii) to re-assure himself 
that he had in fact a practicable process and that he 
was not chasing some mirage which had led him into 
a particularly baffling and unprofitable desert. The 
Swedish iron when it arrived fulfilled both these ends ; 
the metal was successfully converted into pure soft 
malleable iron and also into steel of various degrees of 
hardness. This last phrase calls for special remark. 
It is true that in his paper Bessemer foresaw the 
possibility of making a wide range of iron—carbon 
alloys, but this is the first note that he had in fact done 
so. From this point onwards, the empnasis is on steel 
rather than on iron. It is doubtful if at this stage, at 
least, Bessemer appreciated how far the success of 
these tests rested upon the relatively high manganese 
content of the Swedish iron. This not only made the 
direct production of steels of varying carbon content 
possible, but avoided failure due to red-shortness 
when the metal was blown down to * soft malleable 
iron. If, in fact, he had made the low-phosphorus 
trials with an iron low in manganese, he might well 
have had to wait a still longer time before emitting 
the well-justified whoop of triumph with which he 
saluted the results of the Swedish-iron trials.® If it had 
happened that he had received supplies of low-phos- 
phorus British iron, low in manganese, before the 
Swedish deliveries, these, when they came, would have 
underlined the importance of manganese, although 
the fact that the Swedish iron was ‘ charcoal’ iron 
might well have drawn yet another red herring across 
his path. 

There was certainly an element of good fortune in 
the circumstances which led to the purchase of the 
original experimental iron from a London ironfounder 
who sent him * . grey Blaenavon iron which he was 
then using in his business, and which I accepted simply 
as pig iron, without ever suspecting that pig iron from 
other sources was so different, and would give such 
contrary results,”’1° 

Bessemer in several places in his writings notes the 
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advantages accruing from his comparative ignorance 
of metallurgy. There is no doubt that this is true as 
far as the initial approach to his problem was con- 
cerned, but it is just as certain that even a small 
modicum of the then available knowledge would, in 
the later stages, have eliminated months of doubt 
and uncertainty, e.g. the reason for the non-removal 
of phosphorus was pointed out by Gruner!" of Paris 
as early as 1857. 

To say, as we must, that in some degree Bessemer 
owed something to others is not to detract in any way 
from the magnitude of his own contribution. This 
would seem to be an appropriate point at which to 
consider what Bessemer owed to two others whose 
names should be remembered at this Centenary 
time—Goéran Frederick Goéransson and Robert F. 
Mushet. 

Goransson was a leading Swedish ironmaster who 
had bought part of the Swedish Bessemer patent in 
June 1857. He was supplied with plant, converter, 
and blowing engine by Bessemer, but had great 
trouble in achieving successful operation. He finally 
scrapped the converter supplied and erected a fixed 
vessel of the same kind as that used in Bessemer’s 
original experiments. After many disappointments 
and failures relating to the quantity and pressure of 
air supply, successful operation was achieved on 19th 
July 1858.12 The practice adopted was to obtain 
varying grades of steel by stopping blowing at the 
required carbon. As the metal was high in manganese 
no final addition was required. The only difficulty 
was to know when to stop. Gdransson himself stated 
that Professor Eggertz’s carbon test, the practice of 
which in thousands of steelworks laboratories at a 
later date was to become the starting point of many a 
steelworks metallurgical career, finally solved the 
difficulty. This test was developed about 1861 and 
was first described in 1862,1* and was no doubt evolved 
to meet the requirements of the process. The only 
way to determine the approximate carbon content, 
until its introduction, was to forge droplets from the 
converter. G6ransson!! sent some of his steel to this 
country and it was successfully worked up into various 
products—a welcome contribution to morale, if 
nothing else, at a time when things were not going 
smoothly on the Bessemer home front. It would 
seem that, at this point, Bessemer, with Swedish iron 
as raw material, could make steel of varying qualities, 
but that the results were irregular. G6ransson, with- 
out doubt, contributed the all-important ‘ know-how ’ 
of this control. ‘There is evidence that in September 
1858, when Goransson visited London, Bessemer was 
granulating his blown metal, sorting it out into carbon 
qualities, and remelting it in crucibles—a practice 
which would remove many of the economic advant- 
ages of the process. An entry for June 18th 1859 in 
the diary of W. D. Allen, Bessemer’s brother-in-law, 
states!® *‘ First made steel direct.” There is little 
doubt that this short entry epitomizes the important 
contribution which Goransson made to the develop- 
ment of the Bessemer process. But the success on 
Swedish methods and materials was a limited one : it 
was merely a confirmation that the process should, 
with certain not very widely available raw materials, 
make soft malleable iron or varying grades of steel. 
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The real problem was to make good malleable iron 
from British pig iron, even if low in phosphorus, made 
with what at that time was termed mineral fuel. 
There is no doubt that Mushet knew the answer to this 
before Bessemer did. Within a few weeks of the 
Cheltenham meeting, Mushet made iron ductile when 
hot from red-short blown metal by remelting it with 
spiegel. He applied for a patent on 22nd September 
1856, the complete specification being filed in March 
1857. During this time Bessemer was in dire trouble 
looking frantically for cause and cure of both the 
defects in his product. It is known that, on hearing 
of Mushet’s success, he visited him several times. 
Mushet, however, felt himself bound in honour to 
others—a great misfortune not only for Bessemer, but, 
as Mushet acknowledged later, for himself.1® So far 
as Bessemer was concerned, the failure to link their 
efforts led to a lost year or two and much anxiety and 
expense, but in Mushet’s case he undoubtedly lost a 
wonderful opportunity of financial gain and a larger 
share of posterity’s laurels than he has in fact received. 

To say, however, that Mushet knew of the vital 
beneficial effect of manganese before Bessemer is not 
to say that Bessemer was necessarily directly in- 
debted to Mushet for the ultimate success of the 
process. Bessemer himself claims that his attention 
was first directed to manganese as the key to his 
trouble by reading the supplement to Dr. Ure’s 
“ Dictionary of Arts, Manufactures and Mining.’’!? 
This described how Heath many years before had 





turned indifferent into good-quality iron by the use of 


manganese. Bessemer immediately commenced ex- 
periments. This must have been late in 1856 or 
early in 1857. He claims that these experiments with 
manganese were made about a month before any one 
of Mushet’s patents were published or could be known 
to the world. As Mushet’s successful addition of 
spiegel was only two weeks after the Cheltenham 
paper, it is certain that he was before Bessemer with 
a solution for eliminating red-shortness. Bessemer’s 
complete story on manganese in steelmaking, how- 
ever, certainly justifies his position that Mushet had 
no legal claim on him. Mushet’s patent had been 
allowed to lapse and the use of manganese was already 
known in crucible steelmaking practice : Bessemer’s 
position was that Mushet’s patent had “ pointed out 
to me some rights which I already possessed.”18 It was 
with this in mind that, when asked, he came to 
Mushet’s financial assistance, when that gentleman 
was in monetary difficulties : later, he paid him an 
annuity of £300. It is pleasing to note also, from the 
Institute’s records, that Bessemer was a cordial sup- 
porter of the proposal to award Mushet the Bessemer 
Medal in 1876.19 

The limitation on the use of spiegel was soon 
realised : it was only in making higher-carbon pro- 
ducts that it could be employed, and Bessemer later 
went so far as to say that some of the reports of un- 
satisfactory Bessemer steel which delayed its adoption 
for some purposes were due to its use. The low 
manganese/carbon ratio led to high carbon content in 
steels where a low carbon was desirable, e.g. in ship 
plates. The story of how Bessemer took active 
steps to obtain high manganese-carbon material, 
known to us to-day as ferromanganese, is one of the 
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many interesting sidelights of metallurgical history 
with which he was associated. 

Bessemer claimed repeatedly that owing to pressure 
from friends, he had described his process when it was 
proven scientifically but not commercially. We have 
seen that the all-important step from the experimental 
results, described at Cheltenham, to commercial 
practicability took at least two years. 

Whatever may have been the doubts and difficulties 
associated with the metallurgy of the process, there 
never was any question about the suitability of the 
plant which Bessemer designed for it. His mechanical 
genius had full scope and flowered prolifically : he not 
only developed the pneumatic idea, but he handed 
over a literally complete operating practice which has 
stood the test of time. There have been, naturally, 
variations in engineering techniques—electrical, 
hydraulic, and mechanical—which have been applied 
to later operations, but in essentials the units at work 
today differ but little from those which Bessemer 
designed one hundred years ago. 

Before describing the rapid expansion of the pro- 
cess subsequent to 1859, we can look with profit, | 
think, at the birth of the original idea and its growth. 
Bessemer wrote”® that the object he set himself 

ex . was to produce a metal having characteristics 
comparable with those of wrought iron or steel and yet 
capable of being run into a mould or ingot in a fluid 
condition.” 
The first experiments in this direction were based on 
the general idea of dilution. Having fused pig iron 
in a coal-fired reverberatory furnace, he introduced 
bars of blister steel. The high temperature necessary 
for the fusion of large proportions of steel in the bath 
was obtained by increasing the relative fire grate to 
hearth area and by introducing additional air through 
openings in the fire bridge. He claims that some of 
the samples of metal which he produced were, after 
annealing, of extremely fine grain and great strength. 
There seems little doubt that had he continued with 
these experiments, what ten years later became known 
as the Siemens—Martin process would have been 
developed at that time. 

The train of incidents by which Bessemer was de- 
flected from his original open-hearth attack to pneu- 
matic purification of the metal is by no means clear. 
Bessemer himself claims*! that in melting down pig 
iron in his reverberatory furnace what were appar- 
ently some pieces of iron were left on the bank and, 
even with increased air, remained in situ. Later still, 
having failed to melt them, he discovered that they 
were in fact shells of decarburized iron. ‘This led him 
to infer that the end he had in view could be achieved 
by the use of air blast on hot metal. From this con- 
clusion followed experiments in a crucible with a 
single tuyere, and these, in their turn, led to further 
experiments with what were in fact rudimentary 
forms of stationary converters. He finally succeeded 
in producing an ingot about 6 cwt in weight and 10 
in. square of purified iron which was malleable, and 
this, to use his own words,?* was “. . . . the first born 
of the many thousands of the square ingots that now come 
into existence every day.” 

Bessemer’s brother-in-law, W. D. Allen, gives a 
slightly different account of these early events during 
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the interesting reminiscences with which he acknow- 
ledged the award to himself of the Bessemer Medal 
in 1890.23 According to his account they had failed to 
melt some iron because of poor draught in the furnace. 
A small quantity was, however, melted at the bottom, 
and Bessemer suggested that “ the nozzle be put in, to try 
and convert that which was melted.’ In a few minutes 
“the whole pig was in a beautiful fluid condition.” 
Now the apparent contradictions in the recollections 
of two elderly gentlemen forty or more years later may 
not seem of very great importance, especially as in the 
event itself things could not very well have gone 
better, but there are two reasons why we must examine 
them. In the first place as I suggested earlier, 
Bessemers’ original idea was obviously to improve the 
strength of the iron mass by dilution with a stronger 
material : the process with which he finally finished 
up bears no relation whatever to this principle. 
Further, it is not clear, apart from the incident of the 
unfused shells, at what point he switched to the 
general principle of purification by oxidation. This 
may be an early illustration of the practice, still in 
vogue in many quarters, of providing a fortuitous 
empirical result with an appropriate theory, after the 
event. It would have been pleasing to suggest that 
purification by air blast with its wonderful directness 
and simplicity was characteristic of the Bessemer 
method of approach to any problem, as many of his 
earlier patents exhibited these features, but, in this, 
the most important invention of his life, there would 
seem to have been some element of luck in the way in 
which he stumbled on the fundamental principles and 
applied them to this process. 

The second reason why this aspect is of some im- 
portance relates to what one might call the Kelly 
controversy. It is generally agreed now that Kelly, 
an ironmaker in the Southern States of America, was 
using an air blast to refine pig iron some six or seven 
years before Bessemer was even interested in ferrous 
metallurgy. Iron plates made by Kelly’s ‘air 
boiling’ process had been in use for some time, 
although the process ultimately had been abandoned. 
What Kelly did not achieve, in the first instance, 
was the liquefaction of the purified iron, and there is 
no doubt that it was only after he patented his air- 
blast method, subsequent to Bessemer’s American 
patent, that he set out to get a liquid product. On 
the other hand, Bessemer’s claim, at least for his 
American patent, excludes injecting streams of air 
for the purpose of refining iron, ** that being a process 
known and used before.” It would appear, from what 
little impartial evidence there is, that Kelly was con- 
cerned in the first instance with improving the method 
of making refined iron and malleable iron, whilst 
Bessemer’s intention was to substitute a better 
ultimate product than that obtained by the puddling 
process. Bessemer’s skill in engineering and plant 
design meant that, personally, he was able to develop 
practical apparatus for commercial production much 
earlier than Kelly and his associates, and had this 
field protected by patents. 

It is at this point that another figure who made a 
major contribution to Bessemer practice comes upon 
the scene—Alexander Lyman Holley. <A consulting 
engineer, already well established, he was sent to 
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England in the early days of the American Civil War 
(1862) to study improved materials for armaments. 
He immediately acquired a licence for Bessemer’s 
American patent and, on his return, proceeded to 
install a plant. In the meantime, the Kelly interests 
with a strong patent position, made stronger by 
acquiring Mushet’s American patent on the use of 
spiegel, were also going into production. After two 
to three years of patent dispute (neither party being 
able apparently, in the American patent tangle, to 
make steel without infringing the rights of the other), 
they came together in a fusion of interests, and the 
pneumatic process in America finally started produc- 
tion about 1866. Whatever may be the merits or de. 
merits of Kelly’s claims, it is significant that it has 
never been known by any other name in America than 
the Bessemer process: as Carnegie once remarked 
no one doubted that “‘ Bessemer invented Bessemer.” 
From 1866 onwards the development of the process 
was phenomenal, and the American practice rapidly 
achieved a pre-eminence in speed of working and 
output rates compared with those obtaining in Europe. 

We have already seen that Bessemer had established 
all the essential mechanical plant items of his pro- 
cess, but the Americans, and particularly Holley, 
modified and improved these to secure high output 
and fast operating times—an early example of the 
beneficial results to be obtained from the study of 
what our American friends to-day have taught us to 
call ‘ logistics.’ 

The engineer who was chiefly responsible for these 
changes was Holley, and one is tempted to linger for 
a moment on the work and character of this fine man, 
who well deserves a place in our Bessemer Centenary 
Celebrations. He was an early example of that type 
of technologist, the need for which is being realised 
more and more to-day: his educational training 
embraced a degree in the humanities from Yale and 
an engineering apprenticeship in various spheres. 
He combined culture and technical skill, while he was 
endowed with a quite unusual personal charm. Before 
his early death at the age of 50, he had made a major 
contribution to the introduction and development of 
Bessemer process engineering. The Bessemer Medal, 
recognizing these achievements, was awarded post- 
humously in 1882. 

For the reasons just given, the process was already 
well established in Europe before the American 
practice matured, but this did not take place without 
hard work on the part of Bessemer and his friends. 
Following the solution of the preblems set by the 
disasters experienced in 1856, the process had to be 
virtually re-introduced. Bessemer read a paper?‘ in 
May 1859 to the Institution of Civil Engineers on the 
“ Manufacture of Iron and Steel,” and this represented 
the revised version of the Cheltenham paper, in so 
far that it brought matters up to date and indicated 
that all was now in train for successful commercial 
production. It was a lucid statement of the advant- 
ages of the new method, and was obviously directed 
at a wide range of potential licensees. 

It was not to be wondered at that the ironmasters, 
in view of their experience on the first attempt, were 
somewhat reluctant to take further risks, even 
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although they did not lose the £27,000 they had paid 
for licences in 1856—Bessemer and his partners 
bought the rights back for, in all, £5500 more than 
they had been paid for them. This comforting piece 
of capital appreciation, however, did not remove the 
incredulity engendered by the earlier debacle, and 
the resumption of the use of the process and the 
recruitment of new licensees was a slow business. 

As far as the steelmakers were concerned, no one 
of the Sheffield companies would adopt the process 
unless on monopoly terms, which Bessemer was 
determined not to concede. He adopted ‘ war-into- 
the-enemy-camp’ tactics and decided to build a steel 
works of his own in Sheffield. This he did, and, in 
addition to competing with the established Sheffield 
steelmakers in tool steels and similar products, the 
works made a large variety of products for various 
uses, with a view to demonstrating the applicability 
of Bessemer steel. The facilities the works provided 
for practical demonstration did much to accelerate 
the adoption of the process for steelmaking by others. 

The quest for licensees was accompanied by an 
invasion of markets, not only those at that time 
sacrosanct to wrought iron but new markets for which 
the new material appeared to be particularly suited. 
A paper read to the Institution of Mechanical Engin- 
eers in 1861 and the International Exhibition of 1862, 
at which Bessemer had a comprehensive display of 
various manufactures made from his steel, showed that 
real progress was being made. It would be a mistake, 
however, to suppose that the replacement of wrought 
iron by steel was either automatic or rapid. In spite 
of advantages in cost of production and in many 
other directions, there was a considerable measure of 
resistance to the changeover. 

Broadly speaking, the engineering world was divided 
into two factions; those who dared and those who did 
not. 

Some greatly daring, went so far as to be not only 
users of the product but financial backers of the pro- 
cess. The display at the International Exhibition of 
1862 had so interested a group of Lancashire engin- 
eers in the financial possibilities of the process that 
they set out to purchase a share in the patent rights.?° 
Bessemer was quite ready to recover something of his 
earlier outlays, but would not consider any arrange- 
ment which did not leave him in complete control of 
the patents, so far as royalty rates and licences were 
concerned. In the end, after very short and amicable 
negotiations, he was paid £50,000 by ten members of 
the group for a quarter share in the proceeds of the 
invention. The fortunate investors, in the ensuing 
ten years, received something over £260,000. In 
these days when the technique of take-over bids 
appears to consist of the shuffling and reshuffling 
scrip, it might be of interest to record that at the 
dinner at which the bargain we are describing was 
made, each of the ten gentlemen concerned produced 
“ «from the depth of his pocket a neat little roll of 
Bank of England notes to the value of £5,000.” Yet 
another note on this felicitous event : the well-known 
portrait of Henry Bessemer by Lehmann which hangs 
in The Iron and Steel Institute Council room was 
commissioned by Mr. Platt, the leader of the group, 
and his friends, and presented to Mrs. Bessemer. 
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Returning to the engineer users who dared—boiler- 


makers, shipbuilders, and a reasonable number of 


engineers lined up with the railways in what, in all 
circumstances, was a rapid adoption of the material. 
Lancashire boilermakers were making boilers from 
plates of Bessemer steel in 1859, whilst shipbuilders 
commenced to use the material about 1863. The 
latter use was considerably encouraged by an early 
regulation of Lloyds that 20°% less metal was required 
in ships built from steel than in those built from 
wrought iron. ‘The confidence of the railways is best 
demonstrated when one remembers that the London 
and North Western Railway?® put down a Bessemer 
steelmaking plant for their own use at Crewe in 1869. 
There were, of course, many obvious reasons for their 
interest and enthusiasm: railways were expanding 
rapidly, rail wear was a major item in maintenance 
cost, and their demand for material was getting 
beyond the available puddled-iron capacity. Bessemer 
himself records?’ that twenty-four days after reading 
the Cheltenham paper, he sent two ingots to Dowlais 
where they were rolled into rails. These, however, 
were an experiment in rolling only, and the first 
rails?® laid for trial purposes under service con- 
ditions were at Camden Goods Station in May 1862. 
They gave a wonderful record of service when com- 
pared with wrought iron. 

Lined up with the forces of reaction—those who 
did not dare—were both the War Office and the 
Admiralty. Inthe case of the War Office, many years 
were to pass before a single steel gun was made, whilst 





nineteen years after Bessemer’s discovery the Chief 


Naval Architect of the Royal Navy read a paper*® 
to the Institution of Naval Architects explaining just 
why there were no steel ships in the British Navy, 
although his potential enemies across the Channel 
had, at that date, three steel ships. 

It certainly seems ironical that the material which 
was developed primarily for ordnance should be in 
use by almost every country in the world for that 
purpose except its country of origin. It is no part 
of our business here to sit in judgment upon indivi- 
duals, but, unquestionably, the trouble with the War 
Office had its origin in personal views and interests. 
Bessemer interviewed, without result, the then War 
Minister, Mr. Sidney Herbert,*° a fine type of English 
gentleman politician who was probably well used to 
extraneous pressures: he was the not unwilling 
spearpoint of Miss Florence Nightingale’s attacks on 
the War Office and the Army Medical Services. 
However, in the case of Bessemer and his steel, he 
fell back on the time-worn practice of consulting his 
technical advisers. In this, both he and Bessemer 
were less than lucky. The official concerned was 
Superintendent of the Royal Gun Factory at Wool- 
wich Arsenal. In the early days of Bessemer’s ex- 
periments on steel development, the officer who filled 
this post became a Bessemer steel enthusiast and, 
in fact, was responsible for convincing Sir John Brown 
and Company in Sheffield that they should install the 
Bessemer process : he himself made a similar recom- 
mendation with respect to Woolwich. Unfortunate- 
ly, in 1859, just when Bessemer was out of his troubles 
and when he was commencing to make ordnance for 
other governments, the new occupant of this office 
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was as antagonistic to Bessemer as his predecessor 
was favourable, and nothing more was heard at that 
time of the proposal to install the Bessemer plant at 
Woolwich. The British Government held out until 
force of example from abroad and the removal of the 
obstructionist from his post at Woolwich cleared the 
way for rational action. The moral of this story, if 
there is one—and this may be a challenge to some 
people in office today—is that there should be experts 
to advise Her Majesty’s Ministers of the responsibility 
and disinterestedness of their experts. As a similar 
moral could be drawn from Bessemer’s abortive 
relations with the Admiralty, there is perhaps no 
point to-day in elaborating the reasons for the delay 
in introducing steel for naval shipbuilding in the later 
years of the last century. 

The growth of the steel industry all over the world 
was rapid, as the usefulness and the relative cheapness 
of the new material became known. In 1865 the 
Siemens process was discovered and also made rapid 
strides. The year 1907 is perhaps an interesting one, 
as it was in that year that open-hearth production 
eclipsed that of the Bessemer process. The relative 
output of these two major processes is largely a result 
of available raw material and the existing techniques 
at any given time or during any given period. It 
would certainly be rash, in view of recent develop- 
ments in basic Bessemer practice, to suggest that the 
relative decline in total Bessemer-steel production, as 
distinct from acid Bessemer-steel production, is per- 
manent. Meantime, whatever may happen in the 
future, nothing can rob Bessemer of the credit for 
introducing a new type of material : of showing how 
it could be made and, more important, how it could 
be used. He was the creator of a new age. 

To Bessemer then, as an individual, we turn to 
discover, if we can, what manner of man this was, the 
result of whose labours did so much to assist in the 
material development of the world and so largely 
colour all our lives. He has been included, and 
rightly, as a member of a great succession, stretching 
through mythology to technical history. About 
sixty years ago a contemporary technical writer*! 
placed his name with those of Tubal Cain, Hephestus, 
Dud Dudley, Huntsman, and Cort. 

Tubal Cain, the earliest recorded ‘artificer in brass 
and iron’; Hephestus, the god of the smithy fire ; 
Dud Dudley, who replaced the use of a rapidly 
diminishing charcoal with that of the then plenteous 
pit coal; Huntsman, who founded the modern 
Sheffield high-carbon steel trade; and Cort, the 
inventor of the puddling process. Surely Bessemer, 
as the inventor who gave to the world the first steel 
as we understand the term today, does indeed take 
his place with these legendary figures. 

But not only was he in a great line of succession, 
he was a great man in an age of great men. His 
contemporaries in many walks of life were giants in 
their own spheres. The great Victorians a short time 
ago passed through a period of partial eclipse, but 
once again it is being realised that Thackeray and 
Dickens in literature, Ruskin in art and criticism, 
Florence Nightingale in nursing reforms, Faraday in 
science, and many others were indeed major revela- 
tions of the heights to which the human spirit can 
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raise men in worthy causes. In such a time and in 
such a company lived Henry Bessemer. 

Born in 1813, the early years in the life of this 
founder of a modern industry were pastoral. His 
parents settled on a small estate at Charlton, Hert- 
fordshire—only 33 miles from London—but, under 
the transport arrangements of the day, an isolated 
rural community. Under a long since vanished social 
code, young Bessemer was saluted respectfully by the 
villagers as ‘ Master Henry,’*? which suggests, as his 
father had his works in the village, that the new 
industrial feudalism was already on the way. This 
rural background did not, as it might well have done, 
suppress a strong bias in the youth towards things 
mechanical. Indeed, it encouraged it, for his father’s 
works, associated with type founding, together with 
a well-equipped workshop provided for Bessemer’s 
own activities, gave ample means, after his schooldays 
were over, for self-education and the development of 
his natural bent. When at last the family moved to 
London, when Bessemer was seventeen, he went as a 
country-bred boy but with characteristics and powers 
stirring within him which bore no relation to country 
pursuits. At this early age he was conscious that 
nature had endowed him with an inventive turn of 
mind and with a full share of perseverance, these 
gifts being supported by a sanguine temperament and 
boundless energy. The fertility of his genius was soon 
to manifest itself, and its results run like a highly 
coloured thread through what might otherwise have 
been the orthodox life pattern of a.successful Victorian 
business man. 

Married at 21, Bessemer had homes successively at 
Northampton Square, St. Pancras, Highgate, and 
finally Denmark Hill—rising in scale and environment 
with rising fortune. Early in his career, in the delight- 
ful expression of the time, he became what was known 
as a ‘warm’ man, and, throughout a long life, he 
followed his inventive star. He lived until he was 
85, his wife having predeceased him by a little under 
a year. He had honours showered upon him from 
all over the world, not only by rulers and governments 
but by learned and professional societies of all kinds. 
In the United States new towns and cities were given 
his name. 

We, as an institute, remember him to-day as one 
of our founders ; as our second President, and as the 
donor of the Bessemer Medal endowment—a con- 
tinual reminder of his interest in our aims and pur- 
poses. But one cannot bring a person to life by a 
mere chronicle of dates, events, and social environ- 
ment : the more we can learn of the characteristics 
and achievements of a person, the less important do 
these seem. 

Bessemer’s outstanding characteristic was a passion 
for invention: this, and not a mere material ambition, 
was the inner dynamic which drove him forward. He 
could not hear of any problem without experiencing 
an urge to evolve a solution for it : he could not see 
an existing method without an immediate impulse to 
improve upon it. There was in him an overmastering 
sense of the ineffectualness of many of the current ways 
of doing things, and an overwhelming confidence that 
he, personally, could find a better way of doing them. 
There is one incident which shows not only how over- 
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powering this urge could be but how acutely conscious 
he was of it. In 1856 when the early defects of the 
steel process became apparent, following the failure 
of the various licensees to make it work, it was clear 
that a prolonged and probably very expensive 
campaign was in prospect. There was no doubt in 
Bessemer’s mind that it must be carried out ; 
certainly that it must go on until a solution was found, 
and that he must pay for it. It is recorded that he 
set aside a trust fund? of £10,000 for his wife’s benefit 
before committing his remaining resources to the great 
quest—prudent perhaps, an indication of his marital 
thoughtfulness, but, above all, an admission of his 
realisation of how completely he would become 


absorbed financially and otherwise in the pursuit of 


his ultimate aim. His demon would drive him. 

The diversity of the subjects to which Bessemer 
directed his inventive efforts is amazing, but, before 
looking more closely at the details, this would seem a 
convenient point at which to note two interesting 
ideas which had more than passing importance in his 
personal life. Incidentally, they were the only two of 
the many proliferations of his inventiveness which he 
shrouded with the cloak of personal secrecy rather 
than with the dubious protective shield of the Patent 
Office. 

The first related to a means of preventing the 
fraudulent use of government stamps on legal docu- 
ments*4—a practice which, at that time, was costing 
the Government about £100,000 per annum. The 
stamps were being removed from old and _ useless 
parchment deeds and stuck on new documents. 
Bessemer’s idea was that a stamp might be made which 
would be impossible to transfer from one deed to 
another, and also that it should be impracticable to 
make from the stamp a die which would be capable of 
reproducing it. He achieved this by making a stamp 
with a series of fine perforations. Soimpressed were the 
Stamp Office with the idea that they proposed to 


adopt it, and to appoint him Superintendent of 


Stamps at a salary of £600 to £800 per annum—a con- 
summation which might well, had it matured, have 
altered the course of history. Bessemer was explain- 
ing his system to the young lady to whom he was 
engaged to be married when she cut through his des- 
cription of the elaborations of his scheme with the 
suggestion that the same end could be achieved by 
merely having a movable date on the die to perforate 
the stamps. When this variation was suggested to 
Somerset House they accepted it, and the need for a 
Superintendent of Stamps disappeared. This appar- 
ently disastrous feminine incursion into what pro- 
bably even Bessemer, in the atmosphere of the time, 
regarded as a masculine preserve, had a pleasing if 
belated consequence : forty-five years later he was 
knighted for this service to H.M. Government. In 
view of his wife’s part in the matter, it was surely 
appropriate that she should become Lady Bessemer, 
a view of the situation which Sir Henry himself 
shared. 

The second idea which was retained as a business 
secret and never patented was a method which 
Bessemer evolved for the manufacture of bronze 
powder or what is more loosely known, even to-day, 
as ‘ gold paint.’ He discovered that this powder was 
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being sold at what seemed to him a fabulous price and 
that all the material available was made in Germany. 
He immediately set about finding a method of manu- 
facture which would give a cheaper product. In this 
he succeeded and, taking advantage of existing prices, 
the business proved immensely profitable. So much 
so, that he achieved not only a comfortable income 
from it for many years to come but also a sufficiency 
of ready money to carry on the various experimental 
campaigns which his inventive mind was contin- 
ually evolving. The year in which he commenced 
this manufacture was 1843. 

Reverting to the ideas which Bessemer patented 
throughout his long life, these were not only extra- 
ordinarily diverse in method but covered a wide range 
of activities. One might describe his path to fame 
and fortune as paved with patent specifications : 
there were well over 100 of these, and it was estimated 
that he had paid £10,000 fees. They related to such 
varied subjects as ornamental castings, which in- 
cluded an anticipation of electrodeposition ; imitation 
Utrecht velvet and various other artistic activities ; 
the manufacture of glass, manufacture of sugar, and 
improvements in ordnance ; then came the iron and 
steel group ; and finally those relating to his famous 
attempt to conquer seasickness—the Bessemer Saloon. 
In his later years he interested himself in the con- 
struction of a solar furnace, a diamond polishing 
machine, and a mirror grinding machine. Only the 
iron and steel patents could be described as really 
profitable, but to describe the financial return from 
them in these terms is perhaps a meiosis. 

Financial return seemed to come to Bessemer 
readily. The business acumen which he evinced in all 
his dealings was characteristic. He never studied a 
problem out of its financial context, although not 
necessarily for his own personal gain. It is this 
combination of ingenuity—early in his career he was 
known as “‘ the ingenious Mr. Bessemer ’’—and _ busi- 
ness capacity which distinguished him from so many 
other technically gifted but inept business men. Yet 
reading of his financial successes, one is never tempted 
to apply to his activities the derogatory word ‘ greed.’ 
His rewards were but his deserts. In this connection, 
one might quote the summing up of an American 
author®® 

** Bessemer presented that new and engaging figure— 
an inventor who was also shrewd and who could keep his 
secrets locked in his own bosom, who reaped finuncial 
rewards, and who, unlike the familar plodder at retoris 
and cauldrons, was rich, well dressed, already the 
possessor of a luxurious home. No greedy capitalist— 
the traditional ogre in the life story of most inventors— 
stood at Bessemer’s elbow, grudgingly supplying money 
and decamping with the accomplished work.” 

There would have seemed to have been so much of 
Bessemer, the inventor, apart altogether from the 
inventor of the Bessemer steel process, that it is 
difficult to believe that, even with his abounding 
energy, there was much time for other activities. 
Whilst his interests and his friendships were largely 
interrelated with his business connections, there must 
have been Henry Bessemer, the man. One has often 
thought that the personal sartorial and other append- 
ages of the male in Victorian times made it rather easy 
for the ineffectual and the down-right second-rate to 
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pass themselves off as having something of a presence 
and of being something of a person. On the other 
hand, when character, dignity, and integrity are, in 
fact, present in full measure, the real sensation of 
presence and power follow naturally, as they did with 
Henry Bessemer. He may appear to have been 
rather intolerant of any encroachment on his rights 
and position: this is manifested in the belligerence 
with which he attacked various antagonistic interests 
in the early days of the steel process, and was at that 
time an invaluable characteristic, but there was a 
counterbalancing generosity. As an instance, on 
another Centenary Celebration I had occasion to 
quote the kindly and generous words with which 
Bessemer greeted the news of Thomas’s successful 
solution*® of the phosphorus problem. There are, too, 
good reasons to suppose that his hidden generosities, 
affecting and benefiting many lives were on an exten- 
sive scale. The portraits available and the records of 
those who knew him confirm these various qualities. 
It is, of course, not remarkable that a person of his 
genius and with such characteristics should achieve 
outstanding distinction as a person, but the kindliness 
and warm friendly look of the brown eyes of the 
portraits enrich and mellow the whole picture. 

The brief glimpses of his home life which have been 
vouchsafed to us suggest that it was indeed a place to 
which the protagonist from more strenuous spheres 
could return for rest and invigoration : his wife and 
three children were at hand to provide these. His 
marriage was ideally happy and his home bore testi- 
mony to the artistic good taste of the partners. The 
courtesies of a more courteous age were observed 
between them in the day-to-day contacts. Their 
normal mode of life was unostentatious, and the 
household, when alone, was essentially homely in the 
best sense of the term. At a later stage when major 
activities were somewhat reduced, it is not surprising 
to know that his attention was absorbed in introducing 
domestic improvements in his own and the homes of 
his children. He must have been, in fact, an early 
exponent of the modern practice of * do-it-yourself.’ 

Bessemer the man was brilliant in the world of 
invention, formidable in that of business, and homely 
and kindly in the family circle. The dust of con- 
troversies which all major new discoveries stir up has 
now settled, and perhaps we might close this survey 
of his work and life with some words of Andrew 
Carnegie’s,*7 than whom no one had more personal 
reason for gratitude to him and was continually 
expressing it : 

‘* Rest easy, ‘ Great King of Steel, and smile on all 
attempts to rob you of immortality and of the gratitude 
of the world.” 
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Sir Henry Bessemer, F.R.S. 


This year marks the centenary of the invention of 
the Bessemer steel process, and this is being adequately 
commemorated by The Iron and Steel Institute. 

Bessemer interested himself, however, in a number 
of other projects. In 1830 at the age of 17 he 
experimented with castings of natural objects in 
metal but, being dissatisfied with the dull finish 
produced, turned his attention to a means of coating 
the casting with copper or some other metal and 
showed the results of this work at Topliss’ Museum. 
In 1832, it appears that he had devised a process of 
electro-copper deposition. Reference is made thereto 
in Dr. Ure’s Dictionary under “ Electro Metallurgy”; 
although Bessemer did not take out any patent he 
made no secret of what he had done, and it appears 
that the process he evolved was six years prior to the 
discovery of the electrotype process by Jacobi. 
Specimens of castings of medals on which copper was 
deposited by Bessemer exist to-day. 

About 1833, Bessemer discovered a means of 
making a die from an embossed paper stamp capable 
of reproducing thousands of facsimile impressions, 
and realised the dangerous results which could accrue 
from this discovery in unscrupulous hands, especially 
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with regard to the forgery of Government stamps; 
forgery of stamps to an alarming extent was known 
by the Government to have been practised. 

One of the sources of fraud was the removal of 
stamps from useless deeds which were then affixed to 
new skins of parchment. If the stamp has been 
impressed on the parchment subsequent exposure to 
moisture would remove the impress and make it 
impossible to prove that the document had been 
stamped. To avoid this, therefore, a small piece of 
blue paper was gummed to the parchment secured by 
a strip of metal foil on the loose ends of which on the 
back was gummed a piece of paper with the initials 
of the Sovereign. On this piece of blue paper the 
stamp was impressed: a procedure which had been 
used since the days of Queen Anne. By the applica- 
tion of moisture, however, the blue paper impression 
could be removed from the old parchment and fixed 
to a new one, and it was estimated that consequent 
upon this expedient the Government were losing 
£100,000 a year in stamp duty. To defeat this 
practice Bessemer designed a stamp which perforated 
the design into the parchment, rendering it impossible 
to remove, and producing an impression from which 
a die could not be made. The Stamp Office, to whom 
this proposal was submitted, were so impressed that 
it was decided to adopt it and Bessemer was offered 
the post of Superintendent of Stamps at a salary of 
£600-800. 
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Bessemer explained to the young lady to whom he 
was engaged what had been arranged with the 
Stamp Office, but she suggested that surely the safest 
way would be to date the stamps. Bessemer felt 
on reflection that this could be easily effected by 
drilling three small holes in a steel die and fitting into 
each a plug with sunk figures giving the day of the 
month, the number of the month, and the last two 
figures of the year. He felt in duty bound to 
communicate this alternative proposal to the Stamp 
Office, and that Department preferred it, as it would 
enable all the old dies, presses, and workmen still 
to be employed, with so little change in the office 
that no new Superintendent would be required. 
Consequently Bessemer’s revised proposal was 
adopted; existing stamps were withdrawn and new 
ones issved within the space of six weeks, and as no 
patent had been taken out, no reward could be 
claimed. 

In 1878, some 45 years afterwards, Bessemer 
wrote a letter to 7’he Times under the caption ** The 
Reward of Invention,” exposing what had happened 
and the way he had been treated. The sequel to this 
letter was in 1879 the bestowal of a knighthood for 
this invention which had been appropriated without 
the possibility of redress. 

A chance request by his sister resulted in his 
attention being turned to what was known as “ gold 
powder ” (bronze powder). The price demanded, 
7s. an ounce, satisfied him that it could not be gold 
but set him to enquire what it really was, namely, 
powdered brass selling at a retail price of £5 12s. 
per pound. Up to then this article was chiefly made 
at Nuremburg, the mode of manufacture being kept 
secret. Bessemer designed and eventually erected 
machinery whereby this produce was manufactured 
by virtually an automatic and continuous process at 
a fraction of the retail price. No details were patented 
of the process, since if this had been done it would 
have given away the secret, and it would have been 
impossible to find out if anybody else was making 
“bronze powder” by the same _ process. The 
machinery was installed at Baxter House, Camden 
Town, and run as a secret process for some 40 years, 
looked after by two of Bessemer’s brothers-in-law and 
two loyal workmen. It proved a very lucrative 
undertaking and furnished a deal of the resources 
subsequently required for the experiments in steel. 

In 1849, Bessemer made the acquaintance of a 
Jamaican sugar planter and was astonished at the 
crude method then employed for extracting the 
saccharine juices of the cane and also in the after- 
treatment. At this date the imperfections of sugar 
manufacture had attracted the attention of the 
Society of Arts, and the Prince Consort had offered a 
gold medal to the person who could effect the greatest 
improvement to the existing method. Bessemer 
designed a complete set of machinery to deal with 
all aspects of the process, which included the adoption 


of the centrifugal filtering apparatus. A number of 
patents were taken out and he was awarded the gold 
medal presented by the Prince Consort for his 
invention. 

Bessemer’s researches and inventions covered a 
wide field. A process for continuous sheet glass by 
rolling was patented and subsequently disposed of to 
Mr. Chance of Birmingham for £6000. He became 
impressed with the waste in the process then used for 
making lead pencils, where in consequence of the 
sawing of plumbago there was a very large amount 
of waste material in the form of dust. Plumbago at 
that time was selling at about 40s. a pound. Bessemer 
conceived the idea of purchasing the waste dust 
(selling for about 2s. 6d. a pound) which was mixed 
with a binding material and subjected to considerable 
pressure, and from the slabs so produced for a fraction 
of the cost of plumbago the leads were cut. 

Bessemer’s father was interested in a type-founding 
business and it is not surprising that his son’s 
attention was turned to improvements in casting 
type. There followed from this the designing of 
a machine for setting type. In the hands of a 
competent operator the machine could set 6000 
letters an hour as against 1700-1800 an hour by the 
most skilled compositor by hand. With this machine 
a young lady working ten hours a day on six consecu- 
tive days set 300,000 letters, and she was rewarded 
with a £5 note by Mr. Walter of The Times. The 
machine was eventually installed in the offices of 
The Family Herald, but it did not find general favour 
although it formed an excellent occupation for 
women. 

Bessemer patented a process for the production of 
imitation Utrecht velvet and produced the material 
required for furnishing a suite of apartments at 
Windsor Castle. 

Many patents were taken out in connection with 
railway wheels and axles. One, in 1853, dealt with 
continuous braking throughout a train, hydraulic 
power being the means used. An invention in 
connection with railway carriages in 1846 covered, 
inter alia, communication between the ends of railway 
carriages so that the train would be continuous from 
end to end. This was anticipation by many years 
of the corridor train. 

Altogether Bessemer took out some 150 patents, a 
number of which were concerned with the manufacture 
of steel and artillery. He interested himself in 
devising means for preventing seasickness, which 
resulted in what was known as the ‘ swing cabin’, 
which was never fully tested. Other patents covered 
asphalt pavements, treatment of pit coal, machinery 
for raising water, reflectors and lenses, and towards 
the end of his active life he was engaged in the 
construction of a very large telescope and experiments 
in solar furnaces, and the designing of machinery for 
cutting and polishing diamonds to be installed in a 
factory in Clerkenwell in which he was anxious to 
establish one of his grandsons in business. 
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Sir Henry Bessemer 


INVENTOR AND BUSINESSMAN 


EVERYTHING that could be said about Henry 
Bessemer has been said, in France particularly by 
E. Vicaire? in 1863, by Henri Le Chatelier® in 1910, 
and by Jean Cournot® in 1923, so that it is no easy 
task to speak once again in France about the great 
inventor whose method of steelmaking by the con- 
version of pig iron—that is to say more explicitly by 
blowing cold air through liquid pig iron—marked one 
of the great turning points in the history of the human 
race. 

Nevertheless, I have accepted this task with 
pleasure, because in the past two years I have had 
occasion to deal in two lectures,!* 1% with fundamental 
industrial research, and with free, directed, or moti- 
vated research which is always the subject of very 
warm debate. The triptych still has another place 
to be filled, with this picture of an independent 
investigator who devoted himself to motivated 
industrial research. In delineating him I shall 
endeavour to eradicate the misunderstandings which 
today divide the many persons concerned with 
research and with its organization. 

In this paper I shall attempt a summary of the 
vigorous and productive life of Henry Bessemer; I 
shall devote more space to the difficult steps by which 
he arrived at his main invention, that of the manu- 
facture of steel, and I shall try to analyse the man as 
he was and as he deserves to be known. 


HENRY BESSEMER’S INVENTIONS 

Henry was the son of Anthony Bessemer, who 
studied engineering in Holland, stayed in Paris when 
he was about 21, and later established a type-foundry 
at Charlton in Hertfordshire where Henry was born 
on 19th January, 1813. 

Anthony Bessemer made several interesting inven- 
tions and in particular designed a lathe intended for 
reproduction of coining dies (for the production of 
coins and medals) by reduction from originals pre- 
pared by artists. This type of lathe is still in use in 
the workshops of mints. 
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Henry thus had no financial worries; he did not 
apply himself very assiduously to his studies and he 
learnt the essentials of his trade in his father’s 
foundry. When, at about 17, he went to London to 
seek his fortune, he was considered to be an engineer, 
in the English sense, that is to say that he knew how 
to draw and was fairly well acquainted with mech- 
anics. His knowledge of workshop drawing was his 
first trump card. 

From his early youth, Henry Bessemer liked to 
make metal reproductions of clay models of natural 
objects—leaves, branches, and animals—which he 
modelled from life and replicas of which he produced 
in the metal used in his father’s foundry. He did not 
care for the appearance of these objects and so he 
strove to improve it by electrolytic copper-plating. 
The results and the congratulations of his friends 
confirmed his taste for creative work and gave him 
great confidence in himself, so that he soon designed 
a casting process using an alloy with a long solidifica- 
tion range, i.e. one which remained pasty for some 
time, during which it was possible, by slight pressure, 
to impress on it all the details of the mould and thus 
to obtain a result approaching that of coined medals. 
This invention was followed by the development of 
a hot-pressing machine for the manufacture of 
corduroy velveteen. These two inventions did not 
bring him in any money, but they made him known 
and gave him a business sense, which was of great 
value for the future that was unfolding before him. 
He acquired a business sense in particular from the 
powerful commercially organized competition which 
robbed him of the fruits of the latter invention. 

A little after this discovery Bessemer thought of 
casting type by blowing air through the moulds, so 
as to avoid surface blowholes, and developed a 
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machine for setting type which reduced labour con- 
siderably. Finally he developed a machine for 
franking stamps designed to aid the Stamp Office in 
combating fraud which was said to cost the Treasury 
about £3000 per year. The Stamp Office put up a 
demurrer against the inventor, but a few years later 
made use of his invention, which he had not patented. 
The inventor thus again drew no profit from his 
invention, but the new injustice to which he was 
thus subjected ultimately proved of value to him: in 
fact, it was after a personal application to the Crown, 
with proofs, that many years later he received the 
right to wear the cross of the Legion of Honour which 
had at first been refused him, and that he was knighted. 

Bessemer’s first profitable invention was for the 
manufacture of bronze powder. He wished to 
embellish the cover of an album of water colours, 
belonging to his sister, with gold lettering, and so he 
bought gilding powder at the rate of £5 10s. Od. per 
pound, although the cost of brass, on which this 
powder was based, was only one-hundredth of this. 
The powder came from Germany and was hand-made. 
He invented a mechanical method of producing the 
powder, but, strengthened by his disastrous com- 
mercial experiences in the past, he kept the process a 
closely guarded secret and confided its exploitation to 
his brothers-in-law. An agreement was reached 
with the German manufacturers who resold the 
powder produced mechanically by Bessemer as hand- 
made and at the same price as the latter. The secret 
was kept for 35 years and was finally turned over to 
his collaborators, when he had become rich through 
his invention of the steelmaking process. 

This was followed by the development of methods 
for rolling glass, for making and cutting optical 
glasses, for silvering mirrors, and for extracting the 
juice from sugar-canes, 

When the Crimean war broke out, Bessemer thought 
of making a shell equipped with vanes intended to 
communicate a rotary motion to projectiles fired from 
a smooth-bore gun. He was presented to Napoleon ILI, 
who received him with grace and charm and intro- 
duced him to his artillery officers who declared that 
they did not have cannon capable of firing such a shell. 
He returned to England without having reached any 
agreement, but he brought back with him a new 
subject for research: how to make a high-strength 
steel for cannon? His first objective was to make ¢ 
better pig iron than that in production at the time; 
in fact he went further and succeeded, without having 
had the idea in the first place, in transforming pig 
iron into a malleable metal which, though not suitable 
for cannon, made excellent rails, girders, and sheet. 
On 12th August, 1856, he announced, during a meet- 
ing of the British Association for the Advancement 
of Science at Cheltenham, the discovery whose 
centenary we are celebrating this year. The funda- 
mental process had been discovered, but its develop- 
ment to technical maturity needed several more years 
of research and experienced several disastrous setbacks 
which I shall deal with later. 

After this invention, the ever-fertile Bessemer tried 
his hand at other new inventions of which the most 
unfortunate, the anti-seasickness steamer, eventually 
cost him a great deal of money. He had the idea of 
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keeping the cabin horizontal by means of mechanisms 
which unfortunately did not respond rapidly enough 
for the purpose. Ill-wishers said that he had to lock 
the control system to prevent the passengers from 
being thrown head over heels and the ship from being 
capsized. Into the bargain, the ship bungled its entry 
into the harbour of Dunkirk and tore away 100 yards 
of the jetty. From this time onwards nothing went 
right. 

Bessemer’s doctors advised him to slow down his 
activities. He retired to his property at Denmark Hill’ 
where he occupied himself with furnishing his resi- 
dence, cultivating a magnificent garden, constructing 
an observatory, and producing by a new method a 
telescope which death prevented him from bringing 
to a peak of perfection. 


STEELMAKING IN A CONVERTER 

I do not intend to enumerate all the details, which 
have already been published, of the discovery of the 
manufacture of steel by conversion of pig iron, but I 
shall confine myself to selecting from them those which 
are of greatest interest, so as to show by what paths the 
original idea developed and how the setbacks which 
make up the history of this discovery were overcome. 

Less than a month after his visit to the Emperor 
Napoleon IIT, on 10th January, 1851, Bessemer filed 
his first patent application. As Réaumur had done 
some time before him, he tried first to improve pig 
iron by adding wrought iron to it; he went on to try 
to refine the pig by placing tuyeres below the fire box 
of a flame furnace. During these experiments the 
inventor, who knew nothing at all about the manu- 
facture of malleable cast iron, observed that the 
oxidizing action of the blast converted the pig into a 
malleable iron. In July 1855, with the assistance of 
his future brother-in-law W. D. Allen, he made experi- 
ments in a fireclay crucible holding about 45 Ib; as 
soon as the pig iron was melted, he thrust into the 
bath a fireclay tube through which he blew in air 
and thus obtained a malleable mild steel. On 17th 
October, 1855, he filed a patent application in which 
no further mention is made of the uselessness of 
external heating for refining. On 7th December, 1855, 
a new patent recommended blowing with steam and 
then with hot air, the inventor having realized that 
steam cools the bath of liquid pig. In a new patent 
of 4th January, 1856, the inventor sought to render 
conversion uniform throughout the mass of the iron 
and conceived the idea of rotating his furnace so that 
the blast, arriving this time through the bottom of a 
crucible whose lower cross-section was toroidal, 
reached the liquid metal thrown in thin layers against 
the walls of the converter by centrifugal force. In the 
same patent other arrangements are mentioned, com- 
prising lateral tuyeres in one or more rows. 

Finally, the patent of 15th March, 1856, proposed 
the fitting of several tuyeres into the bottom and 
blowing with cold air, steam not being excluded, in 
a form of oscillating converter approaching the pear- 
shaped. He also suggested that an over-vigorous 
oxidation might be countered by the addition of 
material containing carbon. The equipment used for 
the last tests was nevertheless always a cylindrical 
crucible of silica bonded with clay having five bottom 
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tuyeres. The results of practical tests were convincing, 
and Bessemer delivered to the British Association 
on 12th August, 1856, a communication entitled 
“Manufacture of Iron and Steel Without Fuel,” in 
which there is no further mention of steam. Cold air 
is delivered by a compressor and its action is sufficient 
to keep the metal liquid. Five British ironworks 
signed contracts with Bessemer, who received £27,000. 
But he experienced a great setback: the steel pro- 
duced in the plants was full of blowholes and brittle 
both when hot and when cold (i.e. hot- and cold-short). 
The reactions during conversion were not known; the 
procedure was not developed sufficiently for practical 
industrial use and there was trouble with the licensees. 
The critics were ironical, sharp-tongued, and some- 
times mischievous. 

At the same time as Bessemer made his communica- 
tion at Cheltenham, Griiner, with a little too much 
haste, wrote in the Bulletin of our Société de I’ Indus- 
trie Minérale!: ‘* Recently a lot has been heard about 
a new method for refining pig iron for which Henry 
Bessemer has taken out a patent in England, not only 
for refining pig iron, but also for maintaining the 
product perfectly liquid, and this, it is claimed, 
without the consumption of any more fuel than that 
which is used for the first firing of the cupola. 
This would be excellent, in fact it would be mar- 
vellous!... It has long been known that during the 
last period of Comtois refining the temperature is a 
great deal higher than during the two preceding 
periods of fusion and preparatory refining, and yet 
the hearth is then almost free of carbonaceous matter. 
But also, at this moment iron oxidizes with a great 
deal of energy, which is the sole source of the very 
high temperature during the last stage of Comtois 
refining. .. . Thus, the first result is that, instead of 
burning coal and coke, iron is burned, and I leave it 
to you to judge whether there is any real progress. . . . 
But, in addition, I say that the process is radically 
impossible, at least in the long run, in a furnace with 
refractory bricks, such as we are concerned with. . . .” 
This French critic, by a process of reasoning which 
bears the imprint of the most perfect Cartesianism, 
but starting from a false premise, then continues his 
proof in this vein at great length. 

Experience is worth more than argument and 
Bessemer persevered. In Sweden, supported by 
Jernkorntoret, Géran Fredrik Géransson, who was 
a plain business man with interests in the manufacture 
of iron,!! acquired from Bessemer in 1857 the rights 
for the exploitation of his invention in Sweden and 
Norway. Bessemer sent him a converter and a skilled 
man to help run it. But the process would not work; 
the steel was produced too cold and was full of slag. 
With Bessemer’s approval Géransson modified the 
original converter and tried to increase the blast press- 
ure by all possible means; he reduced the diameter of 
the tuyeres and decreased the weight of the charge of 
liquid pig iron, but again it would not work, probably 
because the slow blowing of a light charge caused ex- 
cessive heat losses. Against the advice of his friends, he 
decided to decrease the pressure and to increase the 
volume of the air in the blast. The result was aston- 
ishing—the steel made in this way was fluid, and the 
slag separated out and floated on top excellently. 
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The first heat produced under these conditions on 
18th July 1858 made Bessemer steel for the first time 
a commercial proposition in price and quality. At 
the same time, Bessemer himself was reduced to 
granulating the steel produced and remelting it in a 
crucible—a highly uneconomic procedure. 

In the steelworks built in Sheffield with the aid of 
Galloway, Longsdon, and Allen, Bessemer recom- 
menced his experiments. During these he found that 
the steel, although made from pig iron which was pro- 
duced by smelting low-phosphorus West Cumberland 
ore, was no good. He went back to the suppliers and 
noticed that there were piles of puddling furnace cin- 
ders which he knew must contain a high percentage of 
phosphorus. He enquired what they were used for, and 
was told that they made the blast-furnace run more 
smoothly. 

The results of this visit quickly appeared: the 
inventor gave a new order for pig to be made this time 
without puddling slag and the order form mentioned 
‘Bessemer pig,’ a pig with low phosphorus and 
sulphur contents and with a silicon content suitable 
for his process. 

Then Bessemer revealed the enormous importance 
of his process; the success obtained in Sweden and 
his own experience increased his confidence and he 
felt it possible to talk about the process again. On 
10th and 17th May, 1859, Bessemer read papers to the 
Institution of Civil Engineers in London in which he 
explained the reasons for the previous set-backs, des- 
cribed the progress achieved, and presented samples of 
steel. During one of these lectures Bessemer gave a 
description of the process of refining,* ! of which I 
quote the important part: ‘ The process is thus in an 
instant brought into full activity, and small though 
powerful jets of air spring upward through the fluid mass. 
The air expanding in volume, divides itself into globules, 
or bursts violently upwards, carrying with it some 
hundredweight of fluid metal, which again falls into the 
boiling mass below. Every part of the apparatus trembles 
under the violent agitation thus produced, a roaring flame 
rushes from the mouth of the vessel, and as the process 
advances, it changes its violet colour to orange, and 


finally to a voluminous pure white flame. The sparks, 


which at first were large, like those of ordinary foundry 
iron, change to small hissing points and these gradually 
give way to soft floating specks of bluish light, as the 
state of malleable iron is approached.” 

Unfortunately I cannot continue the quotation, for 
here are indeed the observations of a painter and a 
description which may really be called literature. 

What in brief are the characteristics of the Bessemer 
process ? I cannot do better than to quote the three- 
point summary put forward in 1863 by E. Vicaire:* 

(1) The most suitable pig iron is that which is 
moderately grey 

(2) Of all oxidizing agents, compressed air is the only 
effective one and it should be used in large quantity 

(3) Pig iron high in P and S cannot be treated. 

The first of these three principles was recognized 
in 1857 in Sweden; the second was recognized by 
Bessemer and specified in July, 1858, by the Swedes 
who laid down the amount of air that should be 
injected; the third was established by Bessemer him- 
self at the end of 1858 or the start of 1859 with the 
help of chemists. 
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Vicaire went on to say that in the light of existing 
(1863) knowledge, it could be affirmed that the 
improvement which would permit impure pig iron to 
be treated in a Bessemer furnace would be a quite 
novel discovery comparable in importance with Besse- 
mer’s own. This new discovery was soon made by 
another Briton. In 1877 Sidney Gilchrist Thomas 
filed a patent indicating a method of making a 
refractory basic lining. This George S. Snelus 
had been unable to do this, though he had in the 
Dowlais steelworks succeeded in dephosphorizing by 
using a lining of quicklime. However, having achieved 
success, Bessemer continued to perfect his process; 
the fixed converter was soon replaced by the tilting 
type simple in its main lines, which have remained 
the same to the present day. 

At the same time the method of casting, the ladles, 
the ingot moulds, and the means of handling all 
received Bessemer’s attention; in this way he 
developed a plant of a kind which was quite different 
from any that had existed before with low labour 
costs and small metal losses. 

After 1861 the Bessemer process expanded in 
application; furnace capacity, which previously had 
not exceeded 14 tons, was raised to 3 tons in 1860, to 5 
and then 10 tons in 1870. The Swedes as we have seen 
took the lead. In France, James Jackson installed 
his Bessemer plant about 1858 at Saint-Seurin in the 
Gironde; in 1859 the Saint-Seurin Company received 
a diploma of honour at the University of Bordeaux 
and Jackson was made a Chevalier of the Legion of 
Honour; in 1862 the Saint-Seurin steelworks merged 
with that of Imphy, to which the three original con- 
verters were moved in 1869. It should be mentioned 
in passing that the Imphy steelworks had to use as a 
compressor, after modification, the machine which at 
Saint-Germain-en-Laye (near Paris) was used for pull- 
ing trains up the Pecq incline. Saint-Germain-en-Laye, 
a royal and residential town, thus unexpectedly played 
a part in the development of iron and steelmaking. 

After Saint-Seurin, the Bessemer process developed 
rapidly in France after 1862, the date at which the 
steelworks at Asailly, Terre Noire, Le Creusot, Imphy, 
and Niederbron were started or decided on. 

The first Bessemer steelworks in Germany went 
into production at Krupps in 1860, and in the U.S.A. 
the first converter heat was blown at Wyandotte® in 
1864. It is claimed that the movable bottoms made 
separately and then installed were conceived in the 
U.S.A. in 1868 by Alexander L. Holley, although, 
according to Johanssen,!® they had been used in 
Germany long before that. Whatever the facts of 
the matter, there is no doubt that Holley, Hunt, and 
other Americans contributed considerable improve- 
ments to Bessemer steelworks. 

Nowadays, the acid Bessemer converter is used in 
continental Europe mainly by small steel foundries, 
which find it convenient to produce steel as required 
from pure pig iron produced in a cupola; it is the 
Bessemer converter with a basic (Thomas) lining 
which is the basis of the heavy steel industry of 
Europe. The production of acid and basic Bessemer 
steel in 1954 was, in the member countries of the 
O.E.E.C., 24 million tons, of which 23-8 million tons 
were produced by the basic process. In the U.S.A. 
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the total production of acid Bessemer steel was 
2,548,000 tons. Finally, the distribution of this pro- 
duction between the main steel-producing member- 
countries of O.E.E.C. is, in thousands of metric tons 
(derived from O.E.E.C.’s Industrial Statistics 1900- 


1955): 
Bessemer 0O.E.E.C. West U.K. Belgium France Luxem- 
Process Members Germany bourg 
Basic 23,800 6800 900 4300 6300 2800 
Acid 500 100 300 100 


6400 2800 


Total 24,300 6900 1200 4300 
Members of O.E.E.C.: Austria, Belgium, Luxem- 
bourg, Denmark, France, Saar, W. Germany, Italy, 
Holland, Norway, Sweden, Switzerland, Turkey, 

United Kingdom. 

These figures show the importance converter steel- 
making has assumed in the world; although the 
process is a hundred years old it is still capable of 
further improvement. All the European producers 
of basic Bessemer steel are concerned with improving 
the quality of their steel, and particularly with the 
reduction of its nitrogen content by various methods— 
oxidation through addition of ore, side-blowing so 
that the air does not remain long in contact with the 
liquid metal, blowing with air enriched with oxygen, 
carbon dioxide, or steam, etc. 

In France, the Institut de Recherches de la Sidér- 
urgie (IRSID)—I must excuse myself for boosting 
our national achievement a little—has attacked and 
resolved, mainly under the stimulus of Henri Malcor 
and Mare Allard, various problems such as improve- 
ment of the shape of the converter to combat slopping 
with its attendant loss of metal; improvement of the 
automation of the process by the development of new 
equipment such as the Volume Debitgraphe for blast 
control, the Galey opacimeter, and the two-colour 
pyrometer; desulphurization with solid lime; and 
many other means for improving the quality of the 
steel, the efficiency of the processes, and the uni- 
formity of the product—matters over which we do not 
yet have complete control and which still require a 
great deal of research. 

It seems to me to be imperative at this stage to 
indicate briefly the extraordinary social consequences 
and economic repercussions of this invention. The 
possibility of obtaining cheap steel above all made 
possible the manufacture of rails and the development 
of the world’s railway network, and this in turn made 
the transport of men and materials more rapid and 
less expensive. In addition the conversion of liquid 
pig iron freed men from the very tedious work of 
puddling iron in the plastic state. These two factors 
alone are enough for us to include Henry Bessemer 
amongst the greatest benefactors of humanity. 

BESSEMER THE MAN 

Bessemer’s photographs show him to have been a 
big man. He was one of those who do not seem to age. 
He died on 15th March 1898 at the age of 85 at his 
residence at Denmark Hill near London, still in com- 
plete possession of his faculties. 

Henry Bessemer had a sanguine temperament and 
an immense capacity for work; he was a tall handsome 
man, the perfect Englishman and a good speaker. 
He was highly intellectual, and had _ boundless 
imagination and enthusiasm, qualities common to all 
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inventors but which in him were associated, as so 
rarely happens, with practical sense and perseverance. 
Moreover, unlike most inventors, who are content to 
leave to others the detailed work which is essential 
if their inventions are to be exploited industrially, 
Bessemer himself drew his designs in the minutest 
detail. 

A realist, he chose his research subjects as circum- 
stances dictated: his research was of the motivated 
and developmental type, which did not prevent him 
from making one of the greatest discoveries of modern 
times. 

This man, ‘who in his time suffered many tribula- 
tions, finally amassed many honours‘ and a large 
fortune. In England, he received in succession the 
Telford Gold Medal in 1859, the Prince Albert gold 
medal in 1872, and the Howard Prize of the Institution 
of Civil Engineers in 1877. He was elected to the 
Royal Society and knighted in 1879, and received the 
freedom of the City of London in 1889. At the same 
time he received from abroad many flattering dis- 
tinctions. Fortune first smiled on him as a result of 
his manufacture of gilding powder, and then as a 
result of his manufacture of steel. The money thus 
earned Bessemer continuously ploughed back into 
new research and fresh ventures. 

From these generalities let us try to analyse the 
inventor and the man of affairs. 

Bessemer was the type of man who would not be 
at home among a team of research workers; he was 
one of those to whom it has been said! that the 
description given by Sorby applies: “ Find the suit- 
able man, do not burden him with administrative 
and teaching duties or commercial management; 
give him the equipment he needs and leave him in 
peace. ...” I would say more: Bessemer did not 
wait to be found by anyone, nor for the necessary 
equipment. He observed, he listened, and he sounded 
out the ideas which were in the air and made them 
his own. He experimented, he invested everything 
he had, and when he needed more money he sought 
backers; he then went ahead against the obstacles 
and, when the process was promising, he com- 
mercialized it. 

Bessemer was certainly not the type of man to run 
in harness: if that had been attempted, he would have 
escaped. With the example of Bessemer and other 
inventors or scientists like him proud of their inde- 
pendence before them, some people are inclined to 
view the work of a team with derision, which is unjust, 
and ill-advised. I should like to take this oppor- 
tunity to make a small digression to attempt to 
overcome misunderstandings, as I promised to do at 
the start. 

Like everyone else, I fully agree that the great 
discoveries have been made by individuals and some- 
times even by workers who originally knew nothing 
at all about the domain or discipline in which they 
have manifested their originality. But I maintain 
also that improvements in and development of this 
work is a task for professionals and that this type of 
work is equally important, as engineers who engage 
in development work and accountants who work out 
production costs well know. In these days also, the 
enlargement of the boundaries of scientific knowledge 
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and the interpretation of many domains of science 
in applied science requires very often the collaboration 
of several specialists. Louis de Broglie, a Prince of 
science, who certainly cannot be charged with 
sectarianism, has recognized this plainly. 

Following this line of thought further, I should like 
to ask whether committees should be anathemized so 
completely. Many of them are not defensible; some 
are dying and others are languishing, but some are 
full of life; these latter are without doubt the less 
numerous, but in human society individuals like 
Bessemer are also in the minority. I know of well- 
conducted, well-composed committees, in which tasks 
are distributed, in which the members meet only to 
exchange results, and in which all combine towards 
a common end. Bessemer, who would certainly have 
been a bad committee man, was nevertheless a 
marvellous chairman of committees; was he not 
indeed in 1871 President of The Iron and Steel 
Institute, which must even then have run many 
committees ? Moreover, did he not need the assistance 
of collaborators to renew his ideas and to correct his 
mistakes ? 

According to his own words “ few men made more 
errors than he and probably few learned so much 
from his mistakes.’’ One of the first was to guarantee 
to industrialists that he could manufacture steel from 
any grade of pig iron. The disastrous results obtained 
in the first English steelworks could have had tragic 
results and might have persuaded him to abandon 
his researches. But then he took advice from pro- 
fessionals, and his attention was drawn to the high 
phosphorus content of the non-malleable steel made 
from most English pig iron. A second important 
mistake was to inform the world that his process did 
not need skilled labour, an error unfortunately still 
common and in many other fields beside that of the 
Bessemer process. While it may be that today the 
work requires less physical effort, it makes much 
greater demands on the intelligence and rapidity of 
response of the operator. Thus, to run the process 
successfully one must be able to assess the silicon 
content rapidly from an inspection of a fractured 
surface, to determine the carbon content of blown 
metal, and above all to control the blast time or, 
more precisely, the turndown point, as the Swedes 
have done. But Bessemer was not dogmatic; he knew 
how to correct his mistakes and to benefit by infor- 
mation from outside, all of which led to his final 
success. 

He said?®: ‘‘ My knowledge of metallurgy was at that 
time very limited, and consisted only of such facts as an 
engineer must necessarily observe in the foundry or 
smith’s shop; but that was in one sense an advantage to 
me, for I had nothing to unlearn. My mind was open 
and free to receive any new impressions, without having 
to struggle against the bias which a lifelong practice of 
routine operations cannot fail more or less to create.” 

In recalling the mistakes made by the inventor and 
the contributions he received from outside, I have 
sought not to minimize his achievement but simply 
to show the interdependence between one person and 
others; I have also wanted to combat the new dogmas 
and the denigrations which appear at every side 
nowadays. People waste their time on questions such 
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as whether Shakespeare was Shakespeare, and whether 
it was Bessemer who invented the process of blast 
conversion of pig iron. These people must be 
strenuously opposed. In France, Henri le Chatelier 
and Jean Cournot have happily taken pains to 
demonstrate this. Bessemer was the founder and the 
conductor of the orchestra of an audacious enterprise, 
and we can unreservedly celebrate his memory. At 
the same time, I must not pass over in silence (though 
I cannot accord them the same amount of praise) his 
collaborators and technological heirs. 

Let us now devote some time to Bessemer the man 
of affairs. This aspect of his character has already 
appeared in the way in which he chose the problems 
corresponding to the needs of the time. Bessemer 
chose motivated research without compulsion. Origi- 
nally lacking any commercial training, he encountered 
much dishonest practice which robbed him of the 
fruits of his first inventions. What better school than 
the experience of life ? As a result of his misadventure, 

Our inventor, furious and defeated, 
Swears, but not too late, 
That never again will he be cheated. 

Bessemer took out a large number of patents in 
succession concerning his conversion process, some of 
them well-founded, the others apparently to protect 
himself against competitors. 

We know that during the meeting of the British 
Association in 1856 the results which he announced 
and the specimens of steel which he presented evoked 
such interest among the metallurgists present that 
he was able on the same day to sell licences to several 
English steel industrialists who were afraid of this 
invention becoming a monopoly. 

Little was known about the composition of pig iron 
and nothing at all about that of steel, and this was 
why the tests carried out at the steelworks were such 
complete failures. Bessemer was called a rogue; how- 
ever, he was not discouraged and he ultimately found, 
thanks notably to the work of Géransson, the causes 
of his first failure. He assessed the importance of his 
discovery and bought back the licences at up to 
double the initial price. He thereupon showed that 
he was able to produce regularly a steel of excellent 
quality and then sold fresh licences, this time demand- 
ing a payment of royalties at the higher rate of £1 
per ton for rails and £2 for other products. 

In the meantime there were his disagreements with 
the inventor Mushet’; I should have spoken about 
these before, but since they reveal a character at 
once human, commercial, and technical, I have 
delayed them until now. 

Mushet had noticed that Bessemer’s first patents 


did not indicate the use of manganese as an addition 
at the end of the operation and so on 22nd September 
1856 he tried to patent the use of spiegeleisen. Mushet 
did not take enough care over the editing of his 
patent and associated it with a patent, impracticable 
at that time, in the name of J. G. Martien (15th 
September 1855), which simply envisaged the refining 
of liquid pig iron by blowing air or steam into the 
lower part of the channels through which the pig iron 
flows on leaving the blast-furnace. On the other hand, 
the use of manganese was universally recognized 
among steelmakers, and an old patent of 20 years 
before had already envisaged the use of manganese 
in the manufacture of iron, which enabled Bessemer 
to oppose the patent. Mushet’s patent, which was 
rejected, in 1859, rendered Bessemer the immense 
service of drawing his attention to the existence of 
spiegel, about which he did not know previously. 
Bessemer recognized this later by granting to Mushet, 
fallen on evil days, a more than substantial pension. 

As an additional recognition, Mushet was the third 
to receive the medal which Bessemer, President of 
The Iron and Steel Institute, created to honour 
scientists and pioneers who had made substantial 
contributions to the progress of iron and steelmaking. 
Since 1874 this medal, the highest distinction of The 
Iron and Steel Institute, has been awarded to 90 
steelmakers and metallographers, among whom are 
nine Frenchmen: Henri Schneider (1889); Henri de 
Wendel (1900); Floris Osmond (1906); Alexandre 
Pourcel (1909); Henry le Chatelier (1911); Pierre 
Martin (1915); Charles Frémont (1921); Eugene 
Schneider (1930); and Albert Portevin (1935), a long 
list which bears witness to the development of the 
French iron and steel industry. 

All of these have died, except the last-named, whom 
we have the pleasure to welcome at this lecture, 
Professor Albert Portevin who in England has the 
double distinction of being also a Fellow of the Royal 
Society. 

Among the Bessemer Medallists, I should like to 
call to mind a Parisian by adoption who has recently 
died, a poet of metallography, our good friend Colonel! 
N. Belaiew. He tried to reproduce in terrestrial iron 
the Widmanstatten structures which were first 
observed in meteorites. By this interest in metals 
fallen from the sky, Belaiew joints Bessemer, who 
with the object of applying it to artillery, had the 
idea of reproducing an iron-nickel alloy similar to 
that in meteorites. Henry Bessemer, whose feet were 
so firmly planted on the earth, knew in his own way 
how to study the stars... . 
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Bessemer—or Steelmaking without Fuel 


By Alan E. Chattin, 


B.Sc. (Hons. Met.), A.R.I.C., F.I.M. 


HENRY BESSEMER was born at Charlton, in Hert- 
fordshire, on 19th January, 1813. On leaving school 
he apparently received no formal training as an engineer, 
but was allowed to follow his natural bent at home ; he 
had access to his father’s type-foundry, and there he 
was able to make castings for the models that he devised. 

His inventive genius ranged in all directions, as the 
following examples will show. He invented a die which 
would both emboss and perforate legal documents on 
parchment to prevent fraudulent re-use of the paper 
embossed stamps previously used ; the die was never 
used, however, because Bessemer’s fiancée pointed out 
that the addition of dating mechanism to the existing 
die was a simpler matter, which solution of the problem 
he adopted. He devised a method of casting types for 
printing in water-cooled moulds and under vacuum to 
prevent porosity ; and also a machine for setting the 
type. Much more important was his invention of 
machinery to make bronze powder—consisting of 
minute very thin flakes of the metal hand-made 
previously by beating out the metal into very fine 
sheets and then tearing these up on a marble slab 
with a stone muller. Bessemer mistrusted the 
protection of a patent and the details of his method 
were made known only to his three brothers-in-law, 
who worked the process ; forty years later, when writing 
his ‘‘ Autobiography,”’ he still kept the secret and gave 
nothing away. 

Bessemer suffered badly from sea-sickness and he 
tried several methods for stabilizing the saloon in a ship. 
The S.S. ‘* Bessemer”? was built with hydraulic 
machinery intended to keep the saloon steady despite 
the rolling of the hull; however, the ship was un- 
manageable, even though the saloon was locked in a 
fixed position (the controlling mechanism was not yet 
ready), and after she had done much damage to Calais 
Harbour, the experiments were abandoned. 

Other projects in which Bessemer engaged were a 
press for extracting the juice from sugar canes, a glass- 
melting furnace designed to prevent the elements from 
segregating, a machine for rolling plate glass as the 
molten mass flowed from the furnace, and a vacuum- 
operated table to hold the glass during polishing. 
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At the kind invitation of the President and Council of the Tech- 
nische-Wissenschaftliche Verein ‘ Eisenhiitte Oesterreich”’, the 
author attended the Annual General Meeting of the Austrian 
Society, and on 2nd June, 1956, gave a lecture in German under 
the title ‘‘ Bessemer—or Steelmaking without Fuel”. The follow- 
ing is a summary of his remarks. 


The foregoing is merely a small selection from the 
many devices on which Bessemer worked ; the next 
one to be mentioned was really the turning-point in his 
career. 

At the time of the Crimean war spherical shot were 
being replaced by elongated projectiles, and Bessemer 
devised means of rotating them even though they were 
fired from the existing smooth-bore ordnance. He made 
longitudinal passages within or on the outside surface 
of the projectiles leading from the back forwards, and 
the front ends were turned tangentially to the longi- 
tudinal axis ; when the gun was fired a small proportion 
of the exploding gases passed up these channels and, 
emerging as tangential jets, made the missile rotate. 

It was thought that a stronger material than the 
cast iron then available should be used to make the guns, 
and Bessemer set out to produce a castable metal with 
properties comparable with those of wrought iron or 
steel. His first experiments were made in a specially 
designed reverberatory furnace, and, in order to 
consume completely the gases over the bath and 
increase the heat, air was blown in through perfor- 
ations in the firebridge. One day he found on the 
side of the bath two shells of what proved to be decar- 
burized iron ; from this he concluded that air alone 
could convert grey pig iron into malleable iron without 
puddling. He therefore set out to melt some pig iron 
in a covered crucible in order to blow air into it through 
a blowing pipe passing through the cover. Owing to 
bad chimney draught and the lack of metallurgical coke 
he could scarcely melt the pig iron ; however, a small 
puddle formed at the bottom of the crucible, so Bessemer 
decided to blow air on to it. On taking the lid off 
half a minute later he was dumbfounded to find that 
all the iron had melted ; on blowing for another seven 
or eight minutes the contents of the crucible were so hot 
that they put the furnace fuel in the shade. From this 
point on Bessemer ceased to use any external source of 
heat for his process. 





The author is Assistant Secretary and Librarian of The 
Iron and Steel Institute. 
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The patent for this arrangement (No. 2321 of 17th 
October, 1855) was the first that Bessemer took out for 
any aspect of the pneumatic process. His next step 
was to devise several types of converter, including one 
that could be tilted, though this particular design was 
never built. Among a variety of stationary vessels 
was a vertical cylindrical vessel about 4 ft high, fitted 
with six tuyeres near the bottom, an opening at one 
side for charging, and a tap-hole at the bottom ; the 
top was closed in, but had an opening for the escape of 
the gases. This model was only partially successful, 
because, owing to the violence of the reactions the 
losses in ejects were too heavy ; Bessemer corrected 
this by superimposing a second chamber with a bottom 
inlet and side outlets ; the gases could escape freely, 
but the metal droplets struck the roof, fell down, and 
passed back into the lower (converter) chamber again. 

This design was still not completely satisfactory, 
however. The blast had to be turned on before charg- 
ing the converter, and kept on until the last drop of 
metal had been tapped, and the amount of heat dis- 
sipated before and after the blow proper was very 
considerable ; further, there was no means of stopping 
the blow in an emergency. Bessemer therefore tried 
out a variety of alternatives, until finally he developed 
the tilting bottom-blown converter described in patent 
No. 578 dated Ist March, 1860; that design has re- 
mained virtually unchanged to this day. 

Turning back, however, to the early part of 1856, 
Bessemer, though convinced of the value of his 
invention, wished to have a second opinion, and invited 
George Rennie to witness a demonstration. Rennie 
was greatly impressed ; he urged Bessemer to prepare 
a paper on the process for presentation at the forth- 
coming meeting of the British Association for the 
Advancement of Science at Cheltenham, and promised, 
as Chairman of the Mechanical Section, to place the 
communication at the head of the list of papers to be 
read before that Section. Thus it came about that 
Bessemer’s paper on ‘“‘ The Manufacture of Malleable 
Iron and Steel without Fuel’? was read on Monday, 
11th August, 1856, and was printed in full in The Times 
on Thursday, 14th August, 1856.* 

Bessemer received many requests for licences to 
work his process. Trouble soon arose, however, 
because the licensees failed completely to make good 
steel. The explanation is that Bessemer had simply 
asked a London foundry to supply him with ‘ pig iron,’ 
and it so happened that this foundry used Blaenavon 
iron, which is low in phosphorus ; his licensees, on the 
other hand, used other irons, and these contained too 
much phosphorus. Further, Bessemer lined his con- 
verters with clay or firebrick, whereas the licensees 
used siliceous materials. These points of detail were 
apparently not appreciated, however, and the upshot 
was that the process was utterly discredited. 

After many trials Bessemer came to the conclusion 
that only non-phosphoric iron could be used as raw 
material in his converter (the basic lining had not yet 
been invented, of course), and proved this in large- 
scale trials with Swedish charcoal iron. He made some 
tool-steel bars and got a friend to issue them in his 
engineering shop along with similar bars made con- 
ventionally ; for two months the workmen used 
Bessemer’s bars to make tools without the slightest 
suspicion that they were in any way different from the 
customary bars. However, despite his renewed success 
with non-phosphoric irons, the steelmakers still held 
aloof, so Bessemer founded the firm of Henry Bessemer 





* This report is reprinted between pp. 180 and 181 of 
this issue of the Journal. 
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and Co. in Sheffield, and set out to force the trade to 
take notice by undercutting them in their own market. 
In those days the price of crucible cast steel was about 
£50 or £60 per ton. Using Swedish charcoal iron costing 
£6 10s. to £7 per ton delivered in Sheffield, Bessemer 
could produce ingots of cast steel of the highest quality 
for less than £10 per ton, so that when he offered his 
cast steel at £10 to £15 per ton below the market price 
he still left himself a handsome margin. For structural 
and general purposes, ‘ Bessemer pig’ (produced by 
smelting home non-phosphoric ores with coke) was 
used, and the resultant steel cost about £6 10s. per ton. 

Bessemer’s tactics bore fruit in time, and by 1868 
the annual output of Bessemer steel in Great Britain 
amounted to 110,000 tons (figures for previous years 
are not available); by 1876 over 700,000 tons per 
annum were made, and in 1880 the million-ton mark 
was passed at 1,044,382 tons. In the later years 
Bessemer steel had to meet the competition of open- 
hearth steel, and the productions just mentioned were 
achieved in the face of outputs of 128,000 tons and 
251,000 tons of open-hearth steel in 1876 and 1880 re- 
spectively. The world production of steel in 1880 was 
4,180,000 tons. 

The Bessemer process was taken up in many countries 
besides England, and in Austria its great protagonist 
was the celebrated metallurgist Peter Ritter von Tunner, 
who was awarded the Bessemer Medal of The Iron and 
Steel Institute in 1878, and of which he was also elected 
an Honorary Member. In earlier experiments he had 
found that atmospheric oxygen would decarburize 
solid pig iron at a high temperature, but his end-product 
was not uniform and the method was not brought into 
general use. Tunner was enthusiastic about Bessemer’s 
process ; he did not share the fears of others that the 
reactions proceeded too rapidly to allow time for the 
impurities and slag to separate out, but he did think 
that, whilst the process would replace the puddling 
process, it would not be used to make soft-iron castings, 
because it would probably not be possible to achieve 
sufficient fluidity and because the strength desired in 
the iron was not developed until it had been subjected 
to mechanical work. Nevertheless, Tunner had full 
faith in the process, for he ended the article from which 
the foregoing is extracted thus : It will not be surprising 
if in practice Bessemer’s process runs into all sorts of 
difficulties, because it is not possible to achieve perfection 
in only one or two years of research. I have no doubt, 
however, that in this way a great advance in the practice 
of the refining of iron will be brought about. 

Tunner struggled hard to introduce the process into 
Austria, and on 23rd November, 1863, the first Bessemer 
charge was blown at Prince Schwarzenberg’s works at 
Turrach, in Styria. At Tunner’s suggestion other 
works were built at Heft (Carinthia) and at Neuberg in 
1864, and these were soon followed by more Bessemer 
works at Ternitz, Teplitz, Graz, Zeltweg, Witkowitz, 
Kladno, Prevali, and Trinetz. Starting with a modest 
21 tons in 1863, the annual output of Bessemer steel 
grew to about 78,532 tons per annum in 1873 and 
100,189 tons in 1876; the peak production in the 
Austro-Hungarian Empire, to which the foregoing 
figures relate, was reached in 1890 at 149,660 tons. 

To end in a lighter vein, it is an amusing fact that 
about 1867 a students’ drinking song composed in 
honour of Bessemer and his process was being sung by 
the ’varsity students at Leoben in Austria. One verse 
says that the steelworkers will no longer have to sweat 
and strain as they used to do; all that is necessary 
now is to pour the iron into the converter, blow {a 
little air through it, and the steel is made without any 
trouble at all! 
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The History and Practice of the Acid Bessemer 
Steelmaking Process in West Cumberland 


By F. B. Cawley, M. Met., and D. R. Wattleworth 


SYNOPSIS 


The connection of West Cumberland with the development of the acid Bessemer process of steelmaking 
is traced from the earliest days when Bessemer was striving to overcome the initial difficulties he was 
encountering with his process right through to the present day. 

Experience at Workington is recorded, showing how converter design is related to productive capacity. 

It is shown how steelmaking is affected by variations in the manganese and silicon contents of the 
hot metal used, and evidence is presented to show that high-manganese iron, originally thought to be 
detrimental to the success of the conversion operation, may actually assist in providing a better product. 

Slag/metal relationships in the acid converter are considered and a common misconception that 
Bessemer steel is very susceptible to the effects of over-blowing with adverse effects on quality is shown 


to have no foundation in fact. 


The speed of reaction between slag and metal under the conditions existing in a converter during 
a blow is noted. The use of oxygen at Workington is dealt with and the present position with regard 


to instrumentation is reviewed. 


HISTORY 


THE YEAR 1856 was doubly momentous in the 
industrial history of West Cumberland. Not only 
was it the year in which Henry Bessemer announced 
that he had perfected a process for producing malleable 
iron and steel from pig iron without the use of external 
heat, but it was also the year in which the Workington 
Iron Company was established. The two events were 
to become in due course of great significance in the 
development of the district and it is a matter for 
speculation whether either without the other would 
have been retarded in its development. 

Bessemer’s early successes had depended, somewhat 
fortuitously, upon the use of iron from Blaenavon 
which was particularly free from phosphorus, and the 
disrepute into which his process fell later was due to 
the use of iron from random sources, all of which 
contained an undue amount of this ‘ rogue ’ element. 
When analysis showed this to be the real cause of 
failure, Bessemer turned his attention to the possibility 
of its removal by pre-treatment of the iron. Failing 
in this, and driven to the use of iron more or less free 
from phosphorus, his search was directed to an exami- 
nation of all the ores available in Britain with a view 
to finding an indigenous source of his raw material. 
The hematite ores of West Cumberland proved to be 
the only appreciable deposits which gave what he 
sought and with some confidence he ordered a supply 
of pig iron from the Workington Iron Company in 
1859, knowing that their product was made from the 
local ore. When the iron was submitted to his 
converter process, however, the resulting metal 
exhibited the same inferior qualities as he had obtained 
from phosphoric irons, and analysis revealed that 
there was much more phosphorus in the iron than 
could be accounted for by that in the ore from which 
it was made. 

Convinced that something was happening during 
the manufacture of the iron which could explain the 
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discrepancy, he asked the management for permission 
to visit their works and examine their ironmaking 
procedure. This was granted and Bessemer made his 
inspection, only to discover that Staffordshire mill 
cinder was being introduced into the furnaces as a 
flux along with the local ore. This he rightly suspected 
as being the source of the unwanted phosphorus and 
he asked that 100 tons of iron be made for him from 
a burden from which the mill cinder was excluded. 
This was done, the pigs being branded with a B to 
identify them with Bessemer’s order. The iron 
produced the desired result and was the first of that 
quality which was to become universally known as 
* Bessemer pig iron.’ 

The pure hematite ores of West Cumberland had 
been known and worked from Roman times. Charter 
evidence of a date shortly after the Norman Conquest 
tells of permits being given to work iron mines and 
to cut wood for making charcoal. Already in 1856 
the ore was being mined to the extent of 324,000 tons 
per annum, but this was nearly all despatched to 
other parts of the country. South. Wales took the 
major proportion, with appreciable tonnages going 
to Middlesbrough, Staffordshire, and Scotland. The 
Carron [ron Company had in fact owned and operated 
two mines at Cleator since 1797. 

Isolated blast-furnaces had been erected in the 
district during the 18th century, but for one reason 
or another had been abandoned. Before 1856 the 
only furnaces in operation in the district were at 
Cleator Moor. 

It was to the new furnaces of the Workington Iron 
Company that Bessemer had turned for his supplies 
of iron and it was from the success of his subsequent 
use of this iron that the growth of the iron and steel 
industry in West Cumberland can be traced. 





Manuscript received 29th February, 1956. 
The authors are with the Workington Iron and Steel 
Company. 
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Transfer 
crane 














Fig. 1—Layout of Workington Bessemer plant, 1877-1934 


Instead of exporting ore to other parts of the 
country, West Cumberland became the principal 
source of Bessemer pig iron. Blast-furnace plants 
were erected along the coastline, until in 1880 there 
were no less than 51 furnaces, of which 40 were in 
blast and in that year produced 790,343 tons of 
Bessemer iron. By that time the local iron industry 
was consuming 93-5% of the locally mined ore, with 
the balance going to Scotland, and the country’s 
steel production was almost wholly based on the 
supplies of Bessemer iron from the furnaces in West 
Cumberland. 

The introduction of steelmaking into the district 
had to wait until 1872, when the West Cumberland 
Iron and Steel Company, with five blast-furnaces and 
two more under construction, installed four 74-ton 
converters and began making steel rails, for which a 
worldwide demand was arising. 

The Company had started operations in 1863 with 
a blast-furnace plant, to which were added 32 puddling 
furnaces and rolling mills. In 1865 they were pro- 
ducing 400 tons of wrought-iron plates per week in 
sizes up to 7ft x 2ft. 

To the management of the new Bessemer Shop at 
the West Cumberland Company’s works there came 
in 1872 a man who had already made a name for him- 
self in the growing British iron and steel industry. 
George James Snelus, coming via the Royal School of 
Mines and the laboratory of the Dowlais Iron and 
Steel Works, took over the plant when he was 35 
years of age and a few months later was appointed 
General Manager of the entire works. 

Before this he had been a member of a commission 
appointed by The Iron and Steel Institute to visit the 
United States of America to investigate the Danks 
rotary puddling furnace. Whilst in that country he 
had taken the opportunity of seeing as much of their 
steel industry as possible and he brought to his new 
appointment considerable experience in addition to 
his scientific knowledge. 

In the U.S.A. he had seen the Holley patent renew- 


JUNE, 1956 


able plug bottom for the Bessemer converter and, 
realising its value, was not slow to introduce it to the 
U.K. at the West Cumberland Company’s works. 
Dissatisfied with the established practice of remelting 
in cupolas the iron charged to the converters, Snelus 
designed ladles for conveying molten iron from the 
blast-furnaces over a distance of 350 yd to his Besse- 
mer shop, and claimed that thereby he reduced the 
cost of steelmaking by 5s. per ton. 

Whilst Bessemer had early foreseen that an ingot 
initially contained sufficient heat to carry it through 
the rolling process, it remained for Gjers of Middles- 
brough to design the soaking pit some 25 years later. 
Snelus lost no time in introducing the Gjers pits to 
the West Cumberland Company’s works. 

Whilst engaged in West Cumberland, Snelus was 
responsible for pioneering many improvements in the 
making of Bessemer steel which were eventually 
adopted throughout the industry, and it was un- 
doubtedly his preoccupation with these matters which 
prevented his experiments with a basic-lined converter 
anticipating the later success of Thomas and Gilchrist. 

Steel rails from the West Cumberland Company's 
works went all over the world and played no small 
part in the building of the transcontinental railways 
of the U.S.A. and Canada. 

The next steelmaking plant to be laid down in the 
area was a Bessemer shop, consisting of three 8-ton 
converters, together with a rail mill at Moss Bay, 
Workington, in 1877. A partnership was already 
operating blast-furnaces and puddling forges, but with 
the beginning of steelmaking the Moss Bay Hematite 
Iron and Steel Company was formed. Adjacent to 
this works were the blast-furnaces of the Derwent 
Iron Company, and in 1881 the owners sold the proper- 
ties to Charles Cammell and Company of Dronfield, 
near Sheffield. Cammells transferred their steel- 
making activities to Workington and installed eight 
converters of 12 tons capacity, together with a rail 
mill. 

West Cumberland had now become an important 
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centre of steel production and 
in 1885 it made its greatest 
contribution to the national 
output when with 272,397 tons 
it produced 18-6% of the 
United Kingdom total of 
1,364,187 tons. 

Although after this date the 
actual tonnage of steel pro- 
duced in the area was to in- 
crease, never again was the 
percentage contribution to the 
national output to be so great. 
Technological changes within 
the industry, arising from the 
introduction of the Thomas and 
Gilchrist basic process and the 
open-hearth process, began to 
lead to substantial increases of 
steel production in other 
centres. 

The superseding of the acid 
Bessemer process by other 
methods of steelmaking which 
were not dependent on supplies 
of phosphorus-free ores is a 
story too well known to make 
it worth while repeating here. 
Competition, trade depression, 
and other factors led to the 
closing of the West Cumber- 
land Company’s works in 1891. 
The properties of Cammells 
were amalgamated with those 
of the Moss Bay Hematite Iron 
and Steel Company, the Work- 
ington Iron Company, and the 
Harrington Iron Company in 
1909 under the title ‘The 
Workington Iron and Steel 
Company,’ which in 1919 be- 
came a branch of The United 
Steel Companies Ltd. 

The production of acid Bes- 
semer steel had continued at 
the Moss Bay works since 1877, 
but with 16-ton converters 
introduced about 1912. In 1934 
the three 16-ton converters 
were replaced by a completely 
new shop comprising two 25- 
ton converters. As the local 
ore declined in output, suitable 
supplies were taken from over- 
seas and today the Bessemer 
iron is made from a burden 
which contains only 20-25% of 
Cumberland hematite ore. 

It is perhaps not remarkable, 
considering the part West Cum- 
berland played in the past, 
that it became a training 
ground for blast-furnacemen 
and steelmakers. Records of 
the movements of individuals 
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are not easy to obtain, but it is known that as 
other iron and steelmaking districts in the U.K. were 
developed they largely drew on West Cumberland for 
their technical staffs. Similarly, as the industry was 
established overseas, more and more locally trained 
operators and managers were drawn from West 
Cumberland, and in many instances these men 
pioneered the production of iron and steel in their 
adopted countries. 

This year of 1956 is a suitable time to remember the 
events of 100 years ago when the inventive genius of 
Sir Henry Bessemer and the enterprise of a few West 
Cumbrians led to the establishment and development 
of an industry which played no small part in building 
up the prosperity of the United Kingdom. 

The original Workington Iron Company, now merged 
into the Workington Iron and Steel Company, was 
formed exactly 100 years ago. The present company 
is the only surviving user of the original acid 
Bessemer process for the making of steel ingots in this 
country. 


PRACTICE 


The operation of the Workington Bessemer plant 
has been described elsewhere* and the present purpose 
is to record details of operation which have not been 
previously published. 

A brief comparison of the earlier plant with the one 
now in operation may be of interest and help in 
appreciating the development of improvements in 
practice. Figure 1 shows the original layout. Every- 
thing was hydraulically operated and was planned for 
the speedy movement of metal from the mixer to the 
soaking pits. Behind the converters was a high-level 
stage which carried the hot-metal road. The hot- 
metal ladle was poured into a dish in this stage from 
which it ran via a launder carried on a stage at a lower 
level into the nose of the converter, which was tilted 
backwards for the purpose of receiving the charge. 
It was this system of charging the converter in the 
backward-tilted position which necessitated the con- 
centric design of the nose section. When the heat 
was blown the converter was turned down to the 
forward position and the steel poured into a ladle 
supported by a transfer crane. This in turn passed 
on the ladle to the casting crane from which the ingots 
were teemed into moulds set in a semi-circular pit. 
From this casting pit the ingots were transferred via 
two hydraulic jib cranes with overlapping circles of 
operation into the soaking pits. It was possible to 
charge an ingot into the soaking pits in little over 1 min 
from starting to lift out of the casting pit. There 
were no track-time problems associated with this 
simple procedure. No doubt this compact and effi- 
cient layout helped the plant to survive the economic 
blizzard which followed the 1914-18 war and which 
resulted in the closing down of all the other acid 
Bessemer plants in the U.K. The principal reasons 
for this survival were, of course, the siting near a local 
low-phosphorus ore field and the application of the 





* “ Report on the Bessemer Process,’’ Iron Steel Inst. 
Spec. Rep. No. 42, 1949, pp 55-62; T. Swinden and 
F. B. Cawley, Transactions of the Institute of Marine 
Engineers, 1939, vol. 51, pp, 99-124. 
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product to a use for which Bessemer steel is particu- 
larly suited, viz. railway track materials. 

Figure 2 shows the layout of the present plant for 
purposes of comparison. 


DESIGN OF CONVERTERS 


It is always one of the most important objectives 
in any steelmaking process to get the maximum return 
from the materials used. In Bessemer practice, the 
refractories used in the bottom section carrying the 
tuyeres are subject to the most rapid wear, and the 
cost of these is the largest single item in the conversion 
cost. The search for improvement in the life of the 
converter bottoms at Workington has been unceasing 
and one or two very interesting facts have emerged 
from this search which have been useful in so far as 
they have a bearing on the design of converters. 

One of the earliest experiments carried out was to 
try out the effect of altering the distribution of the 
tuyeres in the bottom. Figure 3 shows the original 
distribution and two modifications which were tried: 
(a) is the original distribution, (6) the first and (c) the 
second modification. The thought at the time was 
that a more symmetrical distribution of the tuyeres 
might lead to a better life than was given by the rather 
haphazard arrangement in the original design. The 
somewhat unexpected finding was that the first modi- 
fication in which the tuyeres were more closely bunched 
produced a very marked increase in the ejection of 
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Plate dia. No. of tuyeres Tuyere circle 
(a) 4ft 7} in. 24 0-92 ft? ton blown 
(b) 4 ft 7hin. 19 0-70 ,, 

(ec) 4ft 7} in. 24 0-88 ,, ” 
(@) 8ft 7 in. 30 1°56 ,, in 


Fig 3—Modifications to tuyere distribution in bottom 
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metal from the nose of the converter during the boil. 
In the original and in the second modification, this 
‘slopping ’ was very markedly less. ‘This suggested 
that the wider spacing contributed towards quieter 
blowing. An important implication of this was that 
the speed of conversion could be stepped up, as one of 
the limiting factors in the speed of the blowing 
operation had always been that the air blast had to 
be cut down during the boil to keep slopping within 
reasonable bounds. 

Further confirmation of these conclusions was 
obtained in 1932, when a visit to the U.S.A. enabled 
a comparison to be made with converters in use there. 
It was found that blowing rates in the U.S.A. were 
very high compared with those in the U.K. and this 
was associated with a much wider distribution of 
tuyeres in the bottom. When the time came for the 
replacement of the old converters at Workington in 
1934 this principle was applied to the design of the 
bottoms with the result that, with very much higher 
conversion rates than in the old converters, much 
quieter blowing was achieved. In fact, it can be said 
that slopping is not a problem at all at Workington 
now, and it is likely that, if it should prove necessary, 
the blowing rate could be stepped up further without 
serious ill-effect. It may be said that the slopping 
tendency varies inversely as the area of the tuyere 
circle, i.e. a circle circumscribing the outer tuyeres. 
Figure 3d shows the tuyere distribution in the present 
25-ton converters. 

The contrast in the appearance of the old and new 
converters with respect to accumulations on the nose 
is illustrated in Figs. 4. Of course, the eccentric 
nose on the new converters plays a considerable 
part in directing splashings away from the nose, but 
anyone who has observed the blowing in the two 
converters could be in no doubt about the difference 
in the amount of splashing. Careful examination of 
the two photographs should reveal the marked differ- 
ence in the amount of scrap accumulation in the area 
round the converters. 
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The effect on productive capacity of the shorter 
blowing times made possible by the improved design 
of the converter bottoms may be seen from the 
following figures: 


Converter Blowing Output, tons/h 
Capacity, tons Time, min 
Workington 16 20-25 42-5 
U.S. 10-12 10-12 60 
Workington 25 12-15 110 


The difference in the two types of converter at 
Workington is even greater than these figures indicate 
because, as has already been suggested, the 25-ton 
converters could be blown still faster before slopping 
became as marked as it was in the 16-ton converters. 

To get the utmost advantage from such high rates 
of production, it is very necessary that the maximum 
life should be obtained from the tuyeres. These are 
subject to very rapid erosion due to the fluxing action 
of the FeO generated at the nose of the tuyeres. For 
various reasons, a hole can begin to open out or * bore.’ 
This boring action is a self-accelerating process which 
can become so intense as to cut the centre out of a 
tuyere during the course of one blow. It follows that 
the tuyeres are the limiting factor in the life of a 
bottom provided that the material packed between 
the tuyeres is not inferior. A great deal of experi- 
mental work has been done on this question of bottom 
life. The factors which control it are: 

(i) Speed of conversion 
(ii) Quality of tuyeres 

(iii) Quality of material 

tuyeres 

(iv) Efficiency of bottom-making operation. 


used as filling between 


This is probably the order of importance of these 
factors, which are dealt with more fully in the following 
sections. 
Speed of Conversion 

It was early recognized that time was a factor 
governing bottom life. In the early days with the 
16-ton converters, little could be done about it as 





Fig. 4—Old and new converters, showing improvement in accumulation at nose 
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Fig. 5—Tonnage of metal blown per bottom, showing effect of increased speed of blowing. 


slopping limited the blowing speed. The importance 
of this factor can best be illustrated by the effect of 
the changeover from an old steam reciprocating 
blowing engine to a modern turbo-blower. When the 
25-ton converters were installed, limitations of avail- 
ability of capital dictated that the old steam engine 
which had blown the 16-ton converters had to be used 
to blow the larger units. Everything was done consis- 
tent with safety to increase the amount of air delivered 
by this engine, but the best that could be achieved was 
about 18,000 ft?/min. When finally the turbo-blower 
was installed, with a capacity of 30,000 ft?/min, the 
tons of metal blown per bottom rose from 350-450 to 
550-650 tons, as shown by Fig. 5. This graph does 
not actually represent the full effect of the change, 
which may be better assessed from the maximum 
figures attained under both conditions, when it may be 
assumed that all other factors are operating favour- 
ably. The best weekly average before the installation 
of the turbo-blower was 614 tons per bottom; since 
the installation of the turbo-blower this figure has been 
raised to 929 tons. 


Quality of Tuyeres 
A local clay having a high alumina content has 
proved to be very good for the manufacture of tuyeres. 
A typical analysis of a tuyere made from this clay is: 
SiO, AlO, FeO; CaO MgO ~~ TiO,  Alkalis 
52-35% 40-30% 3-12% 0-48% 0-96% 1-52% 1-10% 
Tuyeres from other sources have been tried, but the 
only ones which have given results comparable with 
the local ones were a batch imported from the U.S.A. 


Quality of Filling Materials 


The material used to pack the space between the 
tuyeres should not be inferior to the tuyeres them- 
selves, otherwise the projecting nose of the tuyere is 
likely to break off and the life is shortened. Various 
ways of packing have been tried: 

(a) Ramming with a mixture of crushed silica stone 
and fireclay 

(6) As (a), but using crushed firebrick grog instead 
of silica stone 
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(c) Pouring a‘ slurry’ of either of the above mix- 
tures round the tuyeres 
(d) Building with shaped firebrick blocks. 

Of these alternatives, (b) is the one which has given 
the most consistently satisfactory results and may be 
regarded as the standard method. A mix with 
crushed silica stone is thought to give a poorer life 
because the surface layer is heated so rapidly by the 
combination of fairly rapid wear and contact with 
molten metal that the particles of silica tend to 
disintegrate. 

Using the standard method (fireclay-grog mixture) 
the best results for bottom life can only be maintained 
if a strict control is kept on the proportions of fireclay 
and grog and on the grading of these two components. 
The mixture should contain approximately 60% of 
clay and, while in the case of clay, particle size should 
be maintained below 7 mesh, it is important in the 
case of the grog that there should be a range of sizes 
extending from 4 in. down to below 72 mesh. 

Quite successful results have been achieved by the 
‘slurry ’ method, but much more drying is required. 
Building with shaped firebrick blocks is unnecessarily 
expensive and, if the joints are straight through from 
the top to the underside of the bottom, they can give 
serious trouble as a result of metal finding its way 
through. 


Efficiency of Bottom-making Operation 

It has been found that a reduction in air pressure 
supplying the pneumatic rammers results in a falling 
off in bottom life. This indicates that the rammed 
mass must be thoroughly consolidated. A very baff- 
ling reduction in life was traced to the men responsible 
for ramming the bottoms using too much material in 
a layer. When steps were taken to make it more 
awkward for them to use too much by limiting the 
size of skip used for transferring the ramming material 
to the bottom, a very marked steadying effect on the 
bottom life followed. 

It is standard practice to use filler blocks inserted 
in the space between the tuyeres. These blocks are 
almost as long as the tuyeres themselves, and have 
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been found necessary to eliminate a tendency for 
flaking of the filling material. 


STEELMAKING 


During the past 30 years, the proportion of low- 
manganese local ores in the burden of the blast- 
furnaces has shown a steady decline. More and more 
dependence on supplies from overseas has resulted in 
a change in the type of iron produced for conversion. 
The tendency has been for manganese to go up and 
silicon to come down. 

A typical analysis range in the 1920’s was: 

Si 8 
0-03-0-05% 
P Mn 

0-040-0 -045% 0-60-0-80% 
The following range is more typical of today : 


Cc 


4-0% 2-20-2-70% 


Cc Si Ss 
4-0% 1-80-2-30% 0-03-0-05% 
P Mn 
0 -044—-0-049% 1-00-1-30% 


Using iron in the first range of analysis, the slag 
produced varied from a dry gravelly condition at the 
lower manganese level to a mass of pasty consistency 
on first turning down (which rapidly solidified on 
standing) at the higher end of the manganese range. 
In the second range, slag varies from a semi-fluid to 
a completely fluid condition. 

The change to the higher-manganese iron brought 
some serious steelmaking problems in its train. It is 
proposed first to set out the facts and then to attempt 
to show how a better understanding of the factors 
involved enabled solutions to be found, some of which 
are quite satisfactory and some only partially so. 

The types of steel considered may be classified in 
three groups: 


(a) Rimming steels 

Analysis range: 0:05-0:12 % C; 0°25-0-60% Mn 
(b) Semi-killed and fully killed mild steels 

Analysis range: 0-10—0-20% C; 0:40-0:90 % Mn 
(c) Semi-killed and killed medium-carbon steels 

Analysis range: 0 -40—-0 -50% C; 0-70-1-20% Mn 


Conditions when Using High-silicon/low-manganese 
Iron 
In the earlier period using higher-silicon/low-manganese 
iron, the characteristics of the steel made in each group 
were as follows: 


Rimming Steel 


In the production of rimming steel, it is essential to 
have sufficient oxidation to give a good rimming action 
in the moulds. It is better to have too much oxidation 
rather than too little, as it is simple to correct over-oxid- 
ation in rimming steels by an addition of ferrosilicon to 
the ladle or aluminium to the mould. Little can be done 
to meet an under-oxidized condition. Adequate oxid- 
ation throughout the range of analysis was produced 
quite readily with some degree of deoxidation called for 
either by addition of ferrosilicon or aluminium, except 
perhaps towards the top limits of manganese. The 
spread of analysis from blow to blow was not unduly 
great. 

Semi-killed and Killed Mild Steels 
Heavy aluminium additions were necessary to produce 


the semi-killed condition, amounting to as much as 20 oz/ 
ton, with even more to produce a fully-killed ingot. 
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deoxidizing by adding solid ferromanganese to the con- 
verter. 


Semi-killed and Killed Medium-carbon Steels 

Manganese was added as molten spiegel; 1-2 oz alu- 
minium per ton was required to produce a balanced ingot. 
Analysis range from blow to blow was reasonably close. 


Conditions when Using Low-silicon/high-manganese 

Iron 

With the change to lower-silicon/higher-manganese 
iron a very marked difference in the behaviour of the 
steel produced was encountered. 
Rimming Steel 

The steel would not rim, or at best would only produce 
ingots rising considerably in the moulds, even with 
manganese at the low end of the analysis range. The 
state of oxidation was obviously much toolow. Analysis 
from blow to blow was very erratic. A much heavier 
loss of manganese from the finishing addition resulted. 
Semi-killed and Killed Mild Steel 

Analysis from blow to blow tended to be more erratic 
although the disturbance of the conditions previously 
ruling within this group was perhaps not so marked as in 
the others. There are other reasons to account for this. 

Aluminium requirements to produce balanced ingots 
were considerably less, being about 8-10 oz/ton. 
Semi-killed Medium-carbon Steels 

The analysis range in this group became most erratic. 
Many low-manganese results were experienced, the loss 
of manganese from the finishing addition being very 
heavy. The number of misfit casts produced was a very 
serious embarrassment. 


So much for the facts: it is now proposed to give 
an account of some of the methods adopted in trying 
to resolve these difficulties and then to deal with a 
theory which has been of great assistance in over- 
coming them. 

It is evident that in the early stages of the swing 
towards higher manganese in the iron, most of the 
effects were bad, and it is not surprising that higher- 
manganese iron was regarded with strong disfavour in 
the steelplant. 

It was during this phase that in 1932 one of the 
authors was given the opportunity of going to the 
U.S.A. to study U.S. Bessemer practice with a view to 
erecting a new Bessemer plant at Workington. There 
it was found that Bessemer operators held very similar 
views and the only advice they could offer was to get 
the manganese down in the iron. In some cases, the 
practice there was to send high-manganese iron to the 
O.H. plant and low manganese iron to the Bessemer 
plant. No such easy solution was possible at Work- 
ington. 

It was fairly obvious that slag reactions were at 
the root of the troubles. With low-manganese iron, 
the slag was solid and relatively inert. The idea of 
attempting to control the slag was a new one, there 
never having been any particular reason for wishing 
to do so before. It was natural that the first idea 
should be to try to reproduce the old familiar con- 
ditions by adding siliceous materials to the converter. 
These efforts were not rewarded with any marked 
degree of success. The addition of silica in the 
quantities required would have added substantially to 
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Final steel analysis was under fairly close control, 
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the cost, retarded production, and required additional 
facilities for handling. Another important con- 
sideration was that it was more important to remelt 
the scrap arising in the steelplant than to melt a lot 
of slag-forming materials. It was therefore decided 
that this was not a very profitable line to follow. 

A more useful line opened up when it was found 
that, if the slag was sufficiently fluid to decant into 
a slag pan before adding any finishing additions and 
if as much as possible was run off in this way before 
pouring the metal from the converter into the steel 
ladle, the stability of analysis from blow to blow was 
considerably improved so far as semi-killed steels were 
concerned, although it was still not so steady as when 
using low-manganese iron. The production of good 
rimming ingots still remained a problem. 

It should be made clear that during the period from 
1930 to 1950, whilst the broad trend of manganese 
levels was upward, it was definitely not a steady trend 
and the manganese fluctuated quite widely between 
0-80% and 1:50%. It was only during the rather 
infrequent periods when the higher figures were 
reached that the most serious difficulty was encoun- 
tered. So far as rimming steel was concerned, the 
practice therefore developed of endeavouring to 
programme the make to coincide with the availability 
of low-manganese ores. This could not be regarded 
as a satisfactory solution as other very important 
considerations come into the question of arranging 
production schedules. 

In the late 1940’s the changing pattern of ore 
supplies resulted in the manganese in the iron becom- 
ing very variable, with a trend toward considerably 
higher values. When these were encountered, control 
over the finished product was weakened, this being 
reflected by the number of misfit casts. This necessi- 
tated further consideration being given to practice 
at Workington and as a result a new line of approach 
was developed. At the end of a blow there are 
normally two fairly well defined changes in the 
appearance of the flame. The interval between these 
points, known as the first and second drops, was 
found to be fairly constant at 20s, provided that the 
temperature was normal. The carbon content of the 
blown metal at the first drop is about 0- 12% and at the 
second drop 0-:05%. It had always been the practice 
to take the second drop as the end-point of the blow 
because the first drop was not so clearly defined and 
was less reliable than the second as a constant point 
from which to commence the operations of de-oxida- 
tion and recarburization. To attempt to ‘ catch ’ the 
blows at the first drop would add some element of 
uncertainty, which was undesirable. By selecting 
more or less arbitrarily some period within the 20-s 
interval, say 5 or 10 s after the first drop, the blower 
had these 5 or 10 s to make up his mind that he had 
in fact selected the correct point as the first drop, 
thus reducing the possibility of error. This practice 
was therefore adopted and, as the blowers became 
accustomed to the new routine and developed pro- 
ficiency in it, consistency of analysis steadily improved 
and ultimately became as good as or even better than 
it had ever been. Other benefits accrned; the yield 
of manganese from the finishing addition showed a 
substantial rise and the amount of aluminium required 
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in the moulds was much reduced or even made quite 
unnecessary. 

Rimming steel presented quite a different problem. 
Some way had to be found to ensure adequate oxida- 
tion to give a good rimming action in the moulds. The 
obvious answer appeared to be to overblow until 
sufficient oxide was generated to give this condition. 
Unfortunately, the results of efforts along these lines 
were anything but satisfactory. The very highly 
oxidized slag produced led to such a serious loss of 
manganese from the finishing addition, in spite of 
attempts to decant the bulk of the slag beforehand, 
that analysis specifications could not be met. The 
amount of overblowing necessary also represented a 
serious wastage of iron units. In spite of all this the 
behaviour of the ingots in the moulds was still any- 
thing but satisfactory. 

A considerable degree of success attended another 
modification in procedure. The blow was turned 
down at the normal end-point, as much slag as possible 
was run off, and then a very rapid after-blow was 
given—nothing more than a swing of the converter to 
the vertical position and straight down again. ‘The 
effect of this was to give excellent rimming in the 
moulds without the loss of iron associated with the 
earlier procedure. Even the small amount of residual 
slag, however, has such a marked effect on the loss of 
manganese from the finishing addition that the method 
cannot be regarded as completely successful. 

Another variation of procedure is to give a prelim- 
inary demanganizing blow, pour the metal into a ladle, 
discard the initial slag, and return the charge to the 
converter with a suitable addition of ferrosilicon. 
This is artificially producing a high-silicon/low-man- 
ganese iron and has the obvious disadvantages of 
having to carry the cost of the ferrosilicon used and 
some loss of yield through the reladling operation. 
Otherwise it is quite successful. 

Having thus outlined the practical side of the 
problems involved, it remains now to give some 
attention to the theoretical aspect. The suggestion 
is put forward that what in fact actually occurs 
towards the end of a Bessemer blow when using a 
high-silicon/low-manganese iron is that, at the normal 
end-point (second drop of the flame) a very rapid 
generation of FeO begins. The first effect of this is 
to build up the concentration of oxide in the metal. 
The slag, being solid or nearly so, is comparatively 
inert, so that there is little interaction between metal 
and slag. On adding a finishing addition of manganese, 
either as melten spiegel or as ferromanganese, the 
reaction is almost entirely with the FeO in the blown 
metal. Consequently the manganese yield is fairly 
high and also steady because the oxide in the metal 
is reasonably constant. Thus the variation in final 
analysis from blow to blow is small. 

In the case of rimming steel, the desired high oxide 
content of the metal is assured, the manganese 
yield is reasonably high and, what is even more im- 
portant, steady. If the converter is overblown under 
these conditions, the rapid generation of FeO quickly 
fluxes the slag. Once this happens, the violent agita- 
tion in the converter results in an extremely rapid 
interaction between slag and metal in the direction of 
equilibrium, the practical effect of which is to produce 
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a reversion of FeO from the initially highly oxidized 
metaltotheslag. There is then the apparent anomaly 
that overblowing can actually produce metal with a 
lower oxide content than blowing to the normal end- 
point. This is not disproved by the fact that the 
manganese yield from the finishing addition to such 
an overblown heat is low because, when the final 
addition is made, manganese is lost through reaction 
with the FeO in the relatively fluid slag as well as the 
FeO in the metal. To put this in another way, the 
FeO in the metal is only a fraction of the total FeO 
in the slag—metal system, and so if both metal and 
slag are oxidizing manganese units, the net result can 
be disastrous from the point of view of attainment of 
a desired steel analysis. It is not easy to separate 
fluid slag and metal sufficiently to avoid the FeO in 
the slag playing an unwelcome part in the steelmaking 
operation. Also, the practical steelmaker knows that 
some slag covering is very desirable, or even essential, 
on the ladle of steel, so even if a perfect slag-skimming 
system could be devised, it would necessitate the 
provision of some means of supplying a covering of 
molten inactive slag. This problem simply does not 
arise with the non-fluid type of slag produced from 
low-manganese iron blown normally. The bulk of 
this slag is self-skimming and remains behind in the 
converter when the steel is poured into the ladle, 
whilst just sufficient to provide a useful covering 
breaks off and floats into the ladle on the stream of 
metal. 

The conditions arising when blowing low-silicon/high 
manganese iron are next considered, dealing first with 
the production of semi-killed or killed steels. 

If the heat is turned down at the normal end-point 
(i.e. the second drop of the flame) the slag is fluid. 
The balance between FeO in slag and metal is prob- 
ably very close to equilibrium, much of the FeO in 
the system being in the slag. The FeO content of 
the metal is much lower than in the case of a heat 
blown from low-manganese iron because the FeO 
generated so rapidly once the carbon has gone passes 
equally rapidly into the slag. The addition of man- 
ganese, either as spiegel or as ferromanganese, results 
in a considerable loss of manganese, because of inter- 
action with the FeO in the slag. This loss is very 
erratic, depending on a number of factors such as 
degree of slag fluidity, temperature, standing time, 
etc., and there is a resulting difficulty in maintaining 
a regular run of analysis. Reducing the slag volume 
by decanting and allowing standing time to permit 
stiffening of the slag can help considerably. 

There can be no doubt, however, that the most 
satisfactory way to meet the position is to turn down 
before the normal end-point, before any considerable 
quantity of FeO has been generated. Under these 
conditions, the concentration of FeO in the metal is 
very low and something approaching a neutral slag 
is produced. This fulfils all the conditions required 
for good steelmaking practice, viz. low degree of 
oxidation of metal, minimum wastage of manganese 
from deoxidizing addition, and neutral slag covering 
for the steel in the ladle. 

Unfortunately, this practice cannot be followed in 
the case of mild steels as the carbon would be too high. 
In this case, therefore, it is necessary to blow to the 
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second drop. The converter is then turned down, 
the bulk of the slag is decanted, and the finishing 
addition of ferromanganese is added. By the time 
this is done, the small quantity of slag remaining on 
the metal has stiffened up considerably and is less 
reactive. 

It will be noted that, under these conditions, the 
metal never reaches such a high degree of oxidation. 
It appears likely that the excellent reputation enjoyed 
by Swedish Bessemer steel is a result of the practice 
of using high-manganese pig iron and ‘ catching ’ the 
carbon on the way down at the desired point. 

The position in the case of rimming steel is much 
less satisfactory. It is not possible with straight- 
forward blowing to get sufficient oxide into the metal 
to produce good rimming ingots. It is necessary to 
resort to one of the methods previously described, 
accepting the additional cost involved, if it is not 
possible to adjust the blast-furnace burden to give 
high-silicon/low-manganese iron as required. 

This description of slag—metal relationships in the 
acid Bessemer process shows how the swing from low- 
to high-manganese iron which was regarded initially 
as an unmitigated evil has ultimately led to a better 
understanding of the process and opened the door to 
a new field of possibilities in the direction of exercising 
beneficial control over the quality of the product. 

The present position can be summed up as follows: 


For the production of rimming steels, it is desirable 
to have for blowing an iron analysis in which the 
ratio of silicon to manganese is greater than 2}: 1. 


For the production of semi-killed and killed steels, the 
silicon/manganese ratio should be less than 2 : 1. 


It is possible to create the favourable conditions for 
making either type of steel artificially, but only at some 
addition to the cost 


A series of oxygen determinations have been made 
recently, using the ‘ bomb ’ sampling technique, which 
lend support to the foregoing theory. The figures 
obtained are as follows: 

High-silicon/low-manganese iron (1-95 % Si, 0-57 % Mn.) 
Sample 1: Normal end-point 0:115% O, 
és 2: 5-s overblow 0-092 % O, 
sf 3: 10-s overblow 0-110% O, 
Low-silicon/high-manganese iron 
In the case of the following two samples, it was not 
possible to get them from the same blow, because the 
interval after the first sampling would be too short to 
permit the blower’s eyes to re-adjust themselves to the 
brilliance of the flame. He would not therefore be 
sure of identifying the second drop. 
Sample 4 : Iron analysis 1-11% Si, 1-11% Mn 
First drop 0-036 % O, 
Sample 5 : Iron analysis 1-:94% Si, 1-14% Mn 
Normal end-point 0-085 % O, 
The final steel analysis after deoxidation is usually 
about 0-:010% oxygen. 


It is interesting to compare the speed of reactions 
in a Bessemer converter with corresponding reactions 
in an electric furnace. The above figures show that, 
in the face of an extremely rapid generation of oxide 
in the metal, it is possible in a matter of seconds to 
get an actual reduction in the oxide content through 
transfer to the slag. By contrast, electric steelmakers 
are no doubt familiar with the condition which may 
follow when it is desired to produce a low-carbon 
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charge and the bath is fed heavily with ore to elimi- 
nate the carbon as quickly as possible. An over- 
oxidized condition can result in the metal, when the 
bath is described in stage parlance as ‘rotten,’ and 
the process of persuading that oxide to leave the 
metal is a very tedious one. This illustrates very 
clearly the disadvantage under which a process suffers 
when there is difficulty in obtaining that intimate 
mixing of slag and metal which is a natural conse- 
quence of the agitation which takes place inside a 
Bessemer converter. 


USE OF OXYGEN 


The application of oxygen to the blowing of Besse- 
mer converters is a subject in which a great deal of 
interest is taken. It was natural that the question 
of whether oxygen could offer any advantage to 
Workington should be considered. The possible 
advantages are: 


(1) Increased production 
(2) Increased scrap-melting capacity 
(3) Reduction in nitrogen content. 


A fairly extended trial of oxygen enrichment of 
the blast was carried out with a view to establishing 
the possible value of oxygen. Owing to conditions 
peculiar to Workington, the conclusion was that 
oxygen offered no advantage for the following reasons: 

Increased Production—The converters can at present 
more than keep the casting and stripping operations 
going full out without the use of oxygen. 

Increased Scrap Melting—It was found that the cost 
of ferrosilicon and oxygen for this purpose was 
approximately the same. The advantage was with 
ferrosilicon because of greater ease in operation and 
storage. The use of oxygen shortens the period of 
the blow at the same time as it increases the amount 
of scrap which can be melted. It is essential that 
the blower should get his desired temperature before 
it is too late to take further corrective action. Heavy 
scrap takes an appreciable time to melt. When it is 
remembered that a blow may take only 14 min from 
beginning to end, even without oxygen, it will be 
readily appreciated that the addition and melting of 
increased quantities of scrap in still less time would 
tend to lead to the blower losing control of the opera- 
tion. 

Reduction in Nitrogen Content—The presence of 
nitrogen is considered to be advantageous in the 
products made at Workington, so that there is no 
point in attempting to reduce it. 


CONTROL OF PROCESS 


The appearance of the flame from the nose of the 
converter is still the guide on which the blower relies 
to decide what to do about both temperature and 
end-point. For adjustment of temperature, he has 
available scrap for cooling and ferrosilicon for raising 
the temperature. The degree of success achieved by 
the experienced blower in exercising control over 
temperature and end-point proves that the indications 
of the flame are fairly sensitive. Nevertheless, if the 





*P. J. Leroy, J. G. Galey, and F. B. Cawley, J. Iron 
Steel Inst., 1956, vol. 183, pp. 208-224. [This issue]. 
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blower can be helped by the use of instruments of 
any kind, it must be worth while to develop this means 
of assisting him, or at least of checking his work. 

The spectroscope was the first instrument applied 
to this purpose. It did not meet requirements be- 
cause firstly, it was more of a strain on the observer 
to try to detect the end-point by watching for the 
disappearance of a line in the spectrum than by 
observing the flame direct, and secondly, no help was 
provided in respect of temperature control, which is 
the blower’s greatest concern. 

The use of the photo-cell for direct recording of 
flame intensity, although much publicized in the 
U.S.A., does not offer any greater help, at least so far 
as experience at Workington is concerned. 

A serious attempt to tackle this problem has been 
made by IRSID. Their line of approach is very 
promising. A full description of the methods used 
is given in a separate paper.* The opacimeter, which 
measures the density of the fume in the flame, runs 
parallel with the aim of the blower, who relies very 
much on the appearance of the fume to assist him in 
his judgment of the progress of the blow. If this is 
combined with a flame-temperature recording system 
which can be relied on to reflect the true bath tem- 
perature, it would appear that almost everything is 
available that is necessary to control the process. 
The word ‘almost’ is inserted advisedly, because the 
blower has to make allowances for things other than 
what these instruments would record. Such things 
as weight of finishing additions to be melted, vari- 
ations in temperature of converters and ladles arising 
from delays, etc., possibilities of hold-ups in transfer 
of metal to moulds, and variation in temperature of 
spiegel delivered from the cupola all call for the 
exercise of some judgment on the part of the blower. 

If the plant can be maintained to run with clock- 
work regularity, it may be possible to control the 
process from an instrument desk, but it must be said 
at this stage that there is much more investigation 
to be done to test the reaction of these instruments 
to widely varying conditions. 

The acid Bessemer process still depends on a supply 
of iron substantially free from phosphorus, and this in 
turn calls for the use of ores which contain almost 
negligible amounts of this element. In securing such 
ores other variables are met and in particular it has 
been necessary to accept those containing more man- 
ganese than was at one time considered desirable. 

Techniques have been developed to overcome the 
difficulties encountered as the composition of the iron 
altered and it has been possible not only to continue 
to produce steel of satisfactory quality, but also to 
produce an improved product. 

A characteristic feature of acid Bessemer steel as 
made at Workington is its particular freedom from 
‘tramp’ elements. Being made entirely from hem- 
atite iron, which in turn is produced from carefully 
selected ores, there is no risk of contamination by 
external supplies of scrap. 

The product is still recognised as being eminently 
suitable for the production of rails and to-day some 
27% of the rails used in the U.K. are made by this 
process. 
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Control in the Acid Bessemer Process 


APPLICATION OF VOLUME DEBITGRAPHE, 
OPACIMETER, AND FLAME PYROMETER 


By P. J. Leroy, J. G. Galey, and F. B. Cawley, M.Met. 


IMPROVEMENTS in basic Bessemer practice have 
been made possible through the use of instruments 
developed by the Institut de Recherches de la Sidér- 
urgie; these instruments are the Volume Debitgraphe, 
the opacimeter, and the flame pyrometer. A brief 
description of these instruments, their application to 
basic converter practice in France, and their possible 
value in acid converter practice provides an introduc- 
tion to the main part of this paper, which is devoted to 
tests undertaken by the authors at the acid Bessemer 
plant of the Workington Iron and.Steel Company. 


THE INSTRUMENTS 
Volume Debitgraphe 


This is a flowmeter which continuously records the 
rate at which air is blown into the converter, ex- 
pressed in cubic feet per minute at N.T.P. Actuated 
by a diaphragm inserted in the blast main, the 
flowmeter includes a device which gives automatic 
correction for pressure. A fixed temperature correc- 
tion is made to suit the mean blast temperature. 
The recorder is of unusual design, being driven by an 
integrating device at a speed proportional to the 
blowing rate as this varies through the process. 
The length of recording strip unreeled at any moment 
is thus proportional, not to the time elapsed, but to 
the cumulative value for air blown, a value which can 
be read directly on a counter. 

Blast pressure is recorded by a separate instrument, 
and by combining the information on the pressure 
chart with that on the blowing-rate chart, variations 
in the converter permeability can be determined. 
This quantity, defined as the rate of blowing for a 
given pressure (e.g. at 21 lb/in?), gives a measure of 
the resistance offered by the converter to the passage 
of the blast. 

When enriched blasts such as oxygen-enriched air 
or oxygen-steam mixtures are in use, the significant 
factor is the cumulative amount of oxygen blown, 
and in these cases an alternative design of Volume 
Debitgraphe is used.* 

In basic converter practice, slopping in the first half 
of the carbon blow is often a serious problem, and 
in studying this the Volume Debitgraphe has proved 
specially useful.? It has been found, for instance, that 
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SYNOPSIS 

Instruments developed by the Institut de Recherches de la 
Sidérurgie for studying the French basic Bessemer process were 
installed for trial purposes at the acid Bessemer plant of the 
Workington Iron and Steel Company. 

The effect of bath depth, blowing rate, and silicon content of the 
iron on the air consumption per ton of iron were determined and a 
measure of changes in converter permeability was obtained, result- 
ing, it is thought, from temporary blocking of tuyeres. Continuous 
recording of flame opacity was shown to be an effective method of 
determining the end-point of the blow, and possibilities for an 
improved method of temperature control were seen in the new 
type of flame pyrometer. 1276 


while French converters normally work with a metal 
depth of 2 ft 4 in. to 3 ft on new linings, there would be 
an advantage if the depth did not exceed 2 ft. Further- 
more, it would be better if the area of the converter 
bottom and the blowing area were made as large as 
possible, with the outer ring of tuyeres as near to the 
vessel lining as practicable; instead of tapering in 
towards the bottom, it would be better if the vessel 
were approximately cylindrical in this region. 

Metallurgical factors have also been found to 
contribute to slopping. High-silicon iron in particular 
often causes trouble, due, it is thought, to a foaming 
tendency which develops in the slag after desiliconiz- 
ing has reached a certain stage. As the blow proceeds 
further the lime additions change the character of the 
slag and eliminate foaming, and slopping ceases. 

Air consumption measurements have helped in 
studying other aspects of basic converter practice. 
In particular, knowledge has been gained about the 
effects of iron composition, temperature, and bath 
depth on air consumption per ton of iron and it has 
been possible to show how air consumption per ton 
increases when the depth of metal is reduced below a 
critical value. 

In one series of tests steps were taken to maintain a 
constant blowing rate and to observe the pressure 
changes necessary to preserve these conditions. In 
the first half of the carbon blow a pressure increase 
of 3-4 lb/in? was necessary to counter what was 
believed to be a blocking of the tuyeres by the viscous 





Manuscript received Ist February, 1956. 
M. Leroy and M. Galey are with IRSID, and Mr. 
Cawley is with the Workington Iron and Steel Company. 
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Fig. 1—The opacimeter 


primary slag; a similar occurrence, calling for a 14 
lb/in? increase in pressure, was also noted on certain 
occasions in the second half of the carbon blow and 
this was attributed to freezing of small patches of 
metal on the tuyeres. In normal working such an 
event can lead to an extension of the blow by 2-3 
min, the metal patches not being remelted until 
dephosphorizing. 

The Opacimeter 

The end-point in basic converter practice must be 
accurate to within a few seconds if the metal is to be 
sufficiently dephosphorized and yet not over-oxidized. 
Preceding blows can be used as a guide to the timing 
of the end point from the start of dephosphorizing, 
and the appearance of the flame can also be helpful, 
but errors are known to occur when relying thus on the 
personal judgment of blowers, errors which are inclined 
to be greater when the temperature of the metal is 
higher than average. 

To meet this problem an instrument was developed 
which enables the blower to follow the changes in 
flame opacity on a recording chart. The opacimeter, 
as the instrument is called, depends on the passage of 
light from a constant source through the converter 
flame on to a photoelectric cell, the cell current being 
amplified and recorded as a measure of opacity 
(Fig. 1). 

Experiments on basic converters® have shown that 
flame opacity rises steeply at about the middle of the 
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dephosphorizing period until it reaches a well-defined 
peak which may be taken as a signal for turning down 
the vessel. Occasionally this peak appears very early 
and it is then better to wait until the opacity decreases 
and remains steady before ending the blow. In some 
plants the beginning of the final period in which 
opacity remains at a steady value may be used regu- 
larly as the end-point signal but in others this may be 
rather late. In all cases, however, there is a close 
relationship between the opacity diagram and the 
final phosphorus content of the steel and this forms a 
basis for end-point control, even though the technique 
may need to be varied from one plant to another, 
depending on the conditions. 


The Flame Pyrometer 

Temperature control is of great importance in 
both acid and basic practice and two optical methods 
of measurement are under investigation, one involving 
sighting through a tuyere from the converter bottom 
and the other making use of a flame radiation pyro- 
meter. Only the latter method will be discussed in 
this paper. 

When flames are being studied, unless corrections 
can be made for changes in emissivity, serious errors 
arise in using brightness temperature as a measure 
of true temperature, but this difficulty has been 
overcome in a newly designed instrument*® embodying 
an old idea first used in a simple form by Kurlbaum.* 

A photoelectric pyrometer is sighted through the 
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Fig. 2—Temperature measurement 


converter flame at a tungsten ribbon lamp, thereby 
receiving light energy from the flame itself as well as 
part of that emitted by the lamp (Fig. 2). A second 
pyrometer is sighted on the tungsten lamp only and is 
not affected directly by the flame. It can be shown 
that when both pyrometers register the same, the 
brightness temperature of the lamp equals the true 
temperature of the flame. 

It follows that true flame temperature can be 
measured from the tungsten lamp, provided that 
means are available for automatically adjusting its 
brightness to give identical values on the two pyro- 
meters. In the new instrument this is achieved through 
a servo-motor. Connected in opposition to one another 
the pyrometers will produce no current in the circuit 
when the brightness temperature of the lamp equals 
the true temperature of the flame, but as the flame 
temperature changes unbalance is temporarily created 
and the current then passing causes the servo-motor 
to alter the supply to the tungsten lamp and restore 
balance. The speed of this servo-mechanism is such 
that the continuous temperature record of the pyro- 
meter sighted direct at the tungsten lamp can be 
taken as a chart of true flame temperature. Equally, 
of course, the other pyrometer could be chosen to give 
this record. 

This flame pyrometer can be used to measure the 
temperature of any flame, provided that it has an 
emissivity greater than 0-3, a condition which 
generally applies in industrial heating practice. 

On basic converters the instrument has proved to 
be very useful, particularly in the dephosphorizing 
period when the evolved gas is almost entirely nitro- 
gen. It is necessary, however, to make an allowance 
for the flame temperature being 80° C below the bath 
temperature as recorded with the immersion pyro- 
meter just after turning down. This figure varies 
slightly from one plant to another but is sufficiently 
constant on any particular works to permit reliable 
estimating of bath temperature based on flame tem- 
perature. 

During decarburizing, the combustion of CO to CO, 
at the converter nose can lead to difficulties but these 
can be minimized by sighting the pyrometer on a 
line almost flush with the converter nose. 
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Application to the Acid Bessemer Process 


These instruments having been developed for the 
French basic Bessemer process, the opportunity to 
use them on acid converters at the Workington Iron 
and Steel Company was much appreciated, though the 
problems are not the same in the two processes. 

The reason why slopping does not occur at Work- 
ington was seen to be of special interest in view of the 
attention devoted to this problem in France. The 
mere fact of being an acid process was an insufficient 
reason, since acid converters in the U.S.A. are known 
to give slopping, though, contrary to basic experience, 
this slopping is reported to increase as the Si/Mn 
ratio in the iron falls below 2-5. A study of factors 
affecting air consumption per ton of iron and changes 
in the converter permeability was expected to give a 
better understanding of the acid as well as the basic 
process, and the end-point, though perhaps less 
difficult to define in the former process, coming as it 
does at the end of decarburizing when flame brightness 
diminishes rapidly and fumes become prominent, 
was thought to be a useful subject for examination 
with the opacimeter. 

At Workington the part of the blowers’ task calling 
for most skill and experience is the judgment of 
temperature, and it was therefore a matter of impor- 
tance to discover what assistance could be given by 
the new type of flame pyrometer. 


TRIALS AT WORKINGTON 
Workington Practice and Test Procedure 


Converters 
The converter bottom at Workington® is designed 


as shown in Fig. 3. 
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Fig. 3—Bottom of Workington converter 
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Table I 


GENERAL DATA SHEET 

















| Converter Ladle 
| Iron Analysis Additions Additions 
| | Mean Air | Immersion 
Date Blew |——_—___——__- —_________—__————| Blowing Consumption | “Tem ——__— 
No. | | | Rate, | per ton of ° c” | Liquid 
| $i Mn P s c | ft®?/min Iron, ft Spiegel, FeMn,| FeMn,_ FeSi, 
| Ib Ib Ib 
cwt 
| 
11.5.55 580 24,400 18,420 43 112 30 110 
11.5.55 583 | | 22,650 17,250 1602 45 112 90 110 
11.555 586 | 2-23 1-20 0-042 | 3-95 25,100 19,300 1618 45 112 60 | 110 
| 
11.5.55 589 2:05 | 1-19 0-047 3-97 25,100 18,000 1580 45 112 30 105 | 
11.5.55 591 | 25,300 17,650 45 112 30 105 | 
Analysis of mixer sample } 
12.5.55 260 | 2:10 | 1-18 0-042 | 0-041 26,850 19,650 1590 43 112 60 110 | 
| | 
12.5.55 262 2-14 1-22 | 0-041 4:06 25,800 18,250 43 112 30 110 
} 
| Mixer sample | 
| 1-91 1-14 0-041 | 0-042 
12.5.55 268 2:06 1-20 0-047 0-041 | 3:90 23,000 16,600 aw 196 UY) 130 | 
| | 
12,5.55 270 | 2-13 1-20 0-041 | 3-92 23,150 15,750 1610 46 140 0 130 
| Blast-furnace sample | | 
12.5.55 272 1-82 1-14 0-042 , 0-025 | 23,750 17,380 46 140 0 120 
| 
12.5.55 273 24,200 16,100 46 168 0 120 
1-86 1-30 0-043 0-040 180 35 
13.5.55 441 1:96 1-20 0-038 4-36 25,100 16,630 240* 45 Al 
| 
180 , 35 | 
13.5.55 443 1-97 1-20 0-035 4:26 25,150 16,420 1600 240* 45 Al 
1630 
13.5.55 8 24,300 16,950 1640 465 
| Mixer sample 165 35 
13.5.55 448 2:05 1-21 0-045 | 0-034 21,900 | 15,800 1590 240* 45 Al 
135 35 
13.5.55 450 21,075 15,100 240* 45 Al 
| 420. 
14.5.55 909 | | 24,150 17,750 1613 224 
450, | 
14.5.55 11 | 24,150 19,300 1600 224 
Blast-furnace sample 
14.5.55 913 | 3-08 33 0-044 0-019 24,000 20,800 390 | 
| 390, 
16.5.55 9 | 2-02 1-10 0-041 3-86 | 22,900 16,100 1600 112 | 
Blast-furnace sample } 
| 1-54 | O- 0-043 0-059 | 390, 
16.5.55 11 | 1-87 | 1:04 0-045 | 3:90 22,000 14,650 1617 112° | 
| 390, 
16.5.55 13 22,450 15,100 112 
| Mixer sample | 
} 4-72 1-08 0:042 | 0-046 
16.5.55 17 1-87 1-08 0-045 0-052 | 3-88 | 16,350 16,400 330 
| Blast-furnace sample 
| 1:77 | 0-90 0-041 | 0-082 } | 
16.5.55 19 1-78 0-99 | 0-056 3-77 | 20,500 13,850 1595 390 
| 
16.555 21 | 1-82 1-03 0-056 | 3-81 = 24,500 | = (14,050 1598 390 
| | } 
16.5.55 23 25,000 | 14,350 390 
| Mixer sample | | | 
| | 1-91 1:07 | 0-041 0-042 | | 
17.5.55 | 302 | 1:83 1-01 | 0-047 | 3-84 | 23,400 | 14,650 | 44 112 0 95 
| | | | | 
| Blast-furnace sample | | 
2-61 | 1-10 0-040 | 0-031 | | | 
17.5.55 | 304 | 1-83 | 1-01 | 0-047 | 3-84 | 23,400 | 13,400 47 112 | 0 95 
17.5.55 | 306 | 1-88 | 1-01 | 0-048 | 3-77 24,250 13,920 1590 44 112 Oo | 95 
| | ' | 
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Table I (Continued) 














Analysis of Metal | Final Steel : 
| at End-point, % | Analysis, % Final Slag Analysis, % | 
| | Remarks 
sic | Mn | i. Si Cc | Mn | SiO, Al,0, | CaO MgO, FeO | MnO Others 
| | u | } | | | | | | 
11.5.55 | | 0-45 | 0-95 | 
| 0-435 | 0-92 | 
| | 0-94 
11.5.55 | | 1-01 | 
11.5.55 | 0-011 | 0-025 | 0-056 | | 0-042 | | 0-430 | 1-11 59-5 3:07 | 0-6 0-14 17-30) 18-15 
11.5.55 | trace | 0-029 | 0-042 | 0-040 | 0-081 | 0-450 1-03 | 56 2-9 | 0-9 | 0-22 | 19-3 | 19-35 
11.5.55 | 0-089 | 0-430 | 0-98 | | 
12.5.55 | | 
0-052 | 0-465 | 1-06 | 
| 
12.5.55 | trace | 0-050 | 0-080 | 0-037 | 0-059 | 0-455 | 1-10 57-2 3:4 | 0-8 0:14 17°'8 19-5 
| 
| | | 
| | | | | 0-14 P,O, | 3tuyeres dum- 
12.5.55 | 0-013 0-054 | 0-056 | 0-045 | 0-035 | 0-112 | 0-445 1-08 | 53-6 2-6 0-9 0:2 21:6 19-3 0-044 S | mied out of 30. 
| Heat over- 
blown 10s by 
| request 
12.5.55 0-008 0-041 0-044 | 0-035 | 0-440 | 1:05 57 2:8 0:7 0-14 18-2 19-6 | 3tuyeres dum- 
| | | mied 
0-097 0-460 1-00 3 tuyeres dum- 
12.5.55 mied 
} | Stop of 8 min 
12.5.55 | to wash a ladle 
0-094 | 0-440 | 1-03 
13.5.55 | trace 0-027 _ 0-036 0-031 0-060 | 0-38 54-6 2:8 0-7 0-17 21-5 19-1 
| | } 
13.5.55 | trace | 0-031 | 0-032 0-032 0-075 0:40 53-6 2-6 1 0:25 22:3 19-2 
13.5.55 
0-100 0-23 
13.5.55 | 0-060 | 0-43 
| 0-068 0-056 0-40 
13.5.55 | | 0-080 0-48 
0-074 | 0:075 | 0-51 
| 
14.5.55 | 0-008 | 0:068 0-040 0-030 
14.5.55 | | 
14.5.55 trace | 0-068 0-040 | 0-024 58-6 2:7 0-9 0-2 19-9 | 15-35 
0-080 0-39 
16.5.55 | 0-013 | 0-036 0-036 0-031 0-085 0-43 
| 0-075 | 0-46 
16.5.55 | 0-021 0-036 0-056 0-038 0-080 0-45 51-35 2-4 0-8 0:14 28:5 16 
16.5.55 
0-095 0-45 0-15 P,O; Low tonnage 
16.5.55 0-018 | 0-050 0-024 | 0:044 | 0-029 0-085 0:41 56:7 2:4 0-9 0:24 21:6 17-4 0-026 S heat by re- 
quest 
16.5.55 | 0-015 0-160 0-048 0-044 0-08 0:47 | 59-2 2°5 0-6 0-17 19-2 | 17-2 
0-065 0-38 
16.5.55 | | 0-070 0-40 55-9 2:7 0-3 0-12 | 22-6 17-5 
| 0-080 | 0-42 
16.5.55 | 0-070 | 0-43 
17.5.55 0-112 | 0-455 1-07 | 
17.5.55 | 0-019 | 0-038 0-048 | 0-040 | 0-450 1-05 52:8 2-22 | 0-30 | 0-13 | 25-8 | 18-6 
17.5.55 | 0-010 | 0-029 0-032 0-048 53-1 1-7 0-34 0-13 23-6 18-8 





ates 
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22-0 
22-0 
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25-0 
25-0 
25-0 
25-0 
25-1 
24-8 
19-0 
19-5 
22-3 


21-6 


Table 
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= Vessel swinging 

= Turn down 

= Decarburizing 

= Ferrosilicon (45% Si,) Ib 
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Table II 
AIR CONSUMPTION PER TON OF IRON 

| Air | Iron Iron | Weight of | Mean Blowing 
Blow No. | Consumption, Si Content,* C Content, | Iron Charged, Rate, 
| ft?/ton | % % | tons ft?/min 

| | 
580 | 18,500 — ~s 22.5 | 24,500 
583 | 17,400 oo — 22-5 22,700 
586 19,300 2-23 3-95 23-1 25,200 
589 18,100 2-05 3-97 23-1 25,200 
591 17,800 | oo — 23-1 25,400 
| 
260 19,800 | Mixer 2-10 — | 22-0 27,000 
262 | 18,400 2-14 4-06 22-0 25,900 
268 | 16,700 | 2-06 3-90 23-1 23,100 
270 | 16,200 2-13 | 3-92 23-1 23,300 
272 17,500 | BF 1-82 | — 22-0 23,900 
273 16,200 a | = 22-8 24,400 
441 16,700 1-96 4-36 25-0 25,200 
443 16,500 | 1.97 4-26 25-0 25,300 
8 17,400 | ood = 25-0 24,400 
448 15,900 Mixer 2-05 — 25-1 22,000 
450 15,200 | st — 25-1 21,200 
909 17,700 — — 24-0 24,200 
911 19,400 oo — 19-0 24,200 
913 | 20,900 BF 3-08 — 19.5 24,100 
9 | 16,200 2-02 3-86 22-3 23,100 
11 14,700 1-87 3-90 21-6 22,100 
13 15,200 — — 21-7 22,600 
17 16,500 1-87 3-88 15-0 16,400 
19 13,900 1-78 3-77 21-5 20,600 
21 14,100 1-82 | 3-81 21-5 24,600 
23 14,400 — | = | 21-5 25,100 
302 14,700 sins a | 23-4 23,500 
304 | 13,500 1-83 3-84 25-1 23,500 
306 14,000 1-88 3-79 23-0 24,400 
| | | 











* The underlined figures refer to samples taken from the ladle just before pouring into the converter. 


These were analysed at IRSID. 


The other Si figures were determined at Workington on mixer or blast-furnace samples corresponding approximately with the metal 
used on the particular blow. A greater degree of reliance can be placed on the samples mentioned first of all, namely those taken from 


the ladle just before pouring into the converter. 


The inside diameter of the converter lining as new 
at the mean level of the bath is about 10 ft. This 
means that with a new bottom the depth of the bath 
will be: 

1 ft 5 in. for 22 tons of iron without scrap 

1 ft 64 in. for 22 tons of iron with 2 tons of scrap 

1 ft 9 in. for 24 tons of iron with 3 tons of scrap. 

These are low values compared with the usual 
range of 2 ft 4 in. to 3 ft in present French basic 
practice, but the difference will not be so pronounced 
when the French converters are modified to give a 
depth of about 2 ft following the recommendations of 
IRSID. 

When the Workington converter linings are heavily 
worn, the inside diameter at mean bath level is 
about 11 ft 6 in., which corresponds to the following 
bath depths on a new bottom: 

1 ft 1 in. for 22 tons of iron without scrap 

1 ft. 2 in. for 22 tons of iron with 2 tons of scrap 

1 ft 4 in. for 24 tons of iron with 3 tons of scrap. 

The converter bottom, as shown in Fig. 3, comprises 
30 tuyeres 2 ft 9 in. long and 6 in. in diameter, each 
provided with 10 holes } in. in diameter, i.e. a total of 
300 holes. The total cross-section area of the tuyere 
holes is about 62 in?, a value very near to that of the 
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French basic converter, but with the difference that, 
in France, the holes are fewer (170-220) and larger in 
diameter (14-5-16 mm). 
Iron 

The composition of the iron used during the in- 
vestigation varied within the following limits: 

Si: 1-75-2-25% (except for two charges where 

the Si content was over 2°25%) 

Mn: 1-1-3% 

C: 3-80-4-:30% 

S: 0-035-0-056% 

P: 0-040-0-048% 
The Blow 

The charge varied from 19 to 25 tons of iron accord- 
ing to the weight of ingots required. The major part 
of the scrap was added to the converter during the 
first minute after turning up. The desiliconizing phase 
lasted for 9 min on the average, varying from 7 to 
11 min. During the first few minutes of the decarburiz- 
ing phase, the blower tilted the converter once or 
twice to assist him in estimating the bath temperature 
from the appearance of the flame. From this he 
decided on the quantity of scrap needed for cooling, 
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Fig. 4—Influence of Si content of iron on air consumption. 


Blows 272, 273, 909, and 911 are not 


included because of unreliable Si values 


or alternatively the amount of ferrosilicon required 
to raise the bath temperature. After a period of 15-18 
min, the brightness and length of the flame decreased, 
this marking the end of the decarburizing period and 
of the blow. 


Tests 

Twenty-nine charges were followed with the 
Volume Debitgraphe and 27 with the opacimeter. 
The flame pyrometer was used on 18 charges and the 
bath temperature at the end of the blow was measured 
with an immersion pyrometer on 15 charges. 

In many of these tests, samples of metal and slag 
were taken immediately after turning down and the 
results are included in Table I. 


Air Consumption Per Ton of Iron 


After the initial tests it was noticed that striking 
results were being obtained, the air consumption 
per ton of iron being much higher than expected. 
A simple calculation showed that the quantity of air 
necessary to oxidize 2% Si, 1-1% Mn, and 3-9% C, 
assuming that 80% of the carbon is burned to CO and 
20% to CO,, was about 10,400 ft* per ton of iron. 
Actually, the average over 29 charges was 16,600 ft?/ 
ton. Even if all the carbon in the iron were assumed 
to burn to CO,, and this is not possible in the converter, 
the air consumption would only have been 15,300 ft® 
per ton of iron. 

It appeared that in Workington practice an appreci- 
able amount of oxygen escapes through the bath 
without combining with the constituents of the charge, 
an occurrence which would be helped by the small 
depth of bath. Another point of difference from 
French practice was the evolution of reddish fumes 
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at the end of the desiliconizing stage, but perhaps the 
most interesting observations were those showing how 
air consumption per ton increased as the size of charge, 
and bath depth, was reduced. The evidence was 
strengthened by making one special small charge of 
15 tons. This showed a very much higher air con- 
sumption per ton of iron than normal charges of 
20-25 tons. 

The rate of blowing was also found to influence 
air consumption. With higher rates, consumption 
increased and this supports the idea that some oxygen 
escapes through the bath. 

The various factors found to influence air consump- 
tion per ton have been listed in Table II, with the 
values reported on 29 test charges. Since only air 
consumption per ton of iron omitting any air con- 
sumed by carbon, silicon, and manganese in the scrap 
or silicon in the ferrosilicon additions, was required, 
the original figures recorded by the Volume Debit- 
graphe required correction, and the second column 
of Table II gives the corrected figures. 


Silicon 

Figure 4 shows how air consumption per ton of iron 
is related to the silicon in the iron and plotted on the 
same graph is the theoretical air consumption, assum- 
ing that 80% of the carbon is burned to CO and 20%, 
to CO,. 

The close grouping of points around the line of best 
fit shows the predominant effect of silicon on air 
consumption per ton, the amount of scatter around 
this line due to other factors being relatively small. 
This line is at a much higher level than the theoretical, 
mainly, it is thought, owing to the escape of air through 
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Fig. 5—Air consumption per ton of iron as a function of charge weight. The figures are the heat numbers 
(Note: The result for heat no. 17 has inadvertently been omitted; this should be inserted on the 15 tons abscissa at a value of the ordinate of 16,500 ft®/ton } 


the bath, and although the steeper slope of the actual 
line can be explained in part by the tendency for the 
higher-silicon casts to have greater carbon contents, 
there remains an indication of a greater oxygen loss 
with these higher-carbon, higher-silicon charges, this 
greater loss resulting perhaps from the longer blowing 
times required with higher-silicon, higher-carbon iron. 

A comparison between French? and Workington 
data on the influence of silicon on air consumption 
per ton is of interest: 


Increased Air Consumption per ton for an increase 
of 0-2% Si in the Iron 


Workington 1950 ft?/ton 
French 530 _ ,, 
Theoretical 280 _ ,, 


The French data refer to a practice using a. bath 
depth of 2 ft 7 in. 

While the French practice shows a rate of increase 
of air consumption with silicon nearly twice the 
theoretical value, the Workington rate of increase 
is seven times the theoretical. 


Charge Weight 

Figure 5 shows how air consumption per ton of iron 
varies with charge weight at two silicon levels and 
the slopes of the lines give the following: 


Reduction in Air Consumption per ton of Iron 
Silicon Range, % for each 1-ton increase in Charge Weight 


1-75-1-90 300 ft*/ton 

1 -95-2 -25 530, 
There was only one cast with silicon above 2-25%, 

Too much attention should not be paid to the 
value of 300 for the lower-silicon group because the 
slope of the line in this case is unduly influenced by 
the small 15-ton charge (No. 17) blown at a reduced 
pressure. If the value of 530 ft*/ton be accepted as 
more typical of normal practice and the liberty of 
extrapolating to 35-ton charges is taken, it then ap- 
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pears that a 2% Si charge will consume only 11,000 
ft?/ton, a figure only slightly above the theoretical. 
Such a charge on a new lining would be 2 ft 2 in. 
deep and more comparable with French bath depths. 

French data? given in Fig. 6 show that the air 
consumption per ton is practically independent of 
charge weight for weights exceeding 15 tons, but for 
lighter charges there is a progressive increase which 
must be due to air escaping through the bath. There 
is evidently some critical bath depth below which 
air losses are encountered in all practices, and with 
further study it should be possible to arrive at some 
general conclusions applicable to all converters. 
Allowance must be made, however, for another im- 
portant factor, namely the rate of blowing. 
Rate of Blowing 

Some idea of how important this is may be judged 
by the fact that in basic converter trials an alteration 
of blowing rate from 13,000 to 19,000 ft?/min in the 
dephosphorizing period alone resulted in an increase 















































| | | | ‘ 
5 | | | | | 2 
714100 oro owen Pn 4007 
° “s | z 
: | 3 
= | 
z | | shone} — & 
ZI2400 sp 50 B 
5 
ioe 
| ojo io 
< | o |? SrO-5% =< 
300 
O 5 id 25 


IS 20 
IRON CHARGE, tons 
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Fig. 9—Curves of flow rate, pressure, and permeability 
(reproduced from original charts) 


susceptible to variations in weight of iron charged 
and the rate of blowing. 

The excess oxygen over normal basic converter 
requirements may be accounted for by the oxidation of 
a higher proportion of CO to CO,, by more oxidation 
of iron (e.g. during the desiliconizing phase when 
reddish fumes were seen), and by a greater loss of 
oxygen through the bath. An analysis of the gases 
in the converter would help in this study. 

Further knowledge is needed to determine whether 
Workington practice is near the optimum, giving the 
best combination of quick blowing, good bottom life, 
and satisfactory scrap consumption. 

Of special interst would be a series of charges blown 
at lower pressures than normal These would show 
whether the reduced air consumption per ton of iron 
was associated with reduced heat loss and greater 
scrap melting capacity. 


Converter Permeability 

The permeability of the converter is a measure of 
the ease with which air can be blown through and is 
expressed as the blowing rate for a given pressure. 

Resistance to air flow depends mainly on the tuyeres, 
and variations from one blow to another can arise 
as a result of thinning of the bottom or from deliberate 
dummying of some holes by the vesselman to extend 
the bottom life. 
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In addition, permeability can show remarkable 
changes in the course of a blow. As mentioned earlier, 
these have been studied in detail on French converters 
and attributed to temporary blocking and subsequent 
clearing of some tuyere holes. 

At Workington variations in permeability through- 
out the blow followed a similar pattern in each of the 
tests. In general the blow started with a blowing 
rate of 26,500 ft®/min at 20 lb/in? and then the pres- 
sure would gradually rise and the blowing rate fall, 
owing perhaps to blocking of the tuyeres, as occurs in 
basic practice. After 7-8 min blowing (i.e. 1-2 min 
before the start of the decarburizing stage) pressure 
would generally go through a peak corresponding to 
a minimum blowing rate. This maximum pressure 
was fairly constant for all tests at around 26 |b/in®. 
On the other hand, the minimum blowing rate was 
rather variable, ranging from 18,500 to 25,000 ft?/min. 

Insufficient tests were made to determine what 
factors affected the degree of temporary blocking of 
tuyeres, but it was noted that the blowing rate 
dropped to its lowest value when about 40% of the 
total air used in the blow had been passed. 

Table III gives for each test the blowing rate, fall 
in blowing rate, charge weight, and silicon content 
of the iron; whilst no strong relationships have 
emerged from these data, some tentative observations 
can be made. 


Table III 


DROP IN BLOWING RATE IN THE COURSE 
OF EACH BLOW 








Drop in | 

Blow Blowing | Si, a et | miowing Rate, 
No. | ges ee. ° tons ft®?/min 
586 3530 2-23 | 23-1 25,200 
589 3530 2-05 23-1 25,200 
591 3175 2-05* 23-1 | 25,400 
260 2120 2-10 22:0 | 27,000 
262 2290 2-14 22-0 25,900 
268 4590 2-06 23-1 23,100 
270 7400 2-13 23-1 23,300 
272 4590 2-13* 22-0 23,900 
273 3530 2-13* 22-8 24,400 
441 | 4590 1-96 25-0 25,200 
443 | 3530 1.97 25-0 25,300 
8 6350 1.97* 25-0 24,400 
448 7060 2-05 25-1 22,000 
450 | 6000 2-05* 25-1 21,200 
909 4060 2-05* (| 24-0 24,300 
911 2470 2-05* 19-0 24,300 
913 3530 3-08 19.5 24,100 
9 6350 2-02 22-3 23,100 
11 6175 1-87 21-6 22,100 
13 6000 1.87* 21-7 22,600 
17 8100 1-87 15-0 16,450 
19 6520 1-78 21.5 20,600 
21 | 3530 1-82 21-5 24,700 
23 3175 1-82* 21-5 25,100 
302 | 4400 1-83* 23-4 23,300 
304 | 3880 1-83 23-1 23,500 
306 4230 1-88 23-0 24,400 











* Values based on samples corresponding approximately with the 
metal used on these blows 
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cable Pyrometer below level Comparison of charges 17, 19, and 21 suggests 
rlier, of converter nose that temporary blocking of the tuyeres as measured 
rters by the drop in blowing rate is less likely to happen 
uent at higher blast pressures: 

Charge Starting Maximum Drop in 
No. Weight, Pressure, Pressure, Blowing Rate, 
ugh- Me tons lb/in*® Ib/in*® ft*/min 
f the q . 17 15 14 20 8100 
wing % 19 21-5 15 26 6520 
‘ Back 21 21-5 20 28-5 3530 
pres- \ ‘ . , : 
fall, | % Figure 8 shows that the drop in blowing rate is 
rs in ’ inversely related to the average blowing rate. This 
min is to be expected, since the opportunity for blocking 
sure the tuyeres will naturally increase with slower blowing. 
g to At the beginning of the decarburizing stage the 
sure blowing rate showed an increase whilst the pressure 
in?, ' fell, and when the blow had run about 80% of its 
was course there was a return to the original values which 
nin. were more or less maintained up to the end of the 
rhat # blow. This pattern had been previously observed at 
oy of site . Workington® * from pressure gauge and blowing 
rate — \ engine r.p.m. data, but it was interesting to have these 
the \ more convenient measures of a phenomenon which is 
\ believed to be due to temporary blocking of the tuyeres 
fall \ in the early stages of the blowing followed by clearing 
ent 
niet Projector above level Fig. 10—Plan view showing positions adopted for opaci- 
with of converter nose meter and flame pyrometer 
Table IV 
TESTS WITH THE OPACIMETER 
| 
— | Time | 
| from | rae | 
Blow | Overall |Start of Time from Start of Fumes Steel Slag Iron aa” 
ite, No, | Signal Dura- | Fumes to Appearance of Kink on Cc, FeO, Si, Temp Remarks 
P tion toEnd Opacity Curve, s % % % co 
| of Blow, 
om s | 
min s 
; | 
264 | Red opacity 16 25 37 None at 37 - - 
586 Sis, a 1705, 43 Very clear at 35 0-025 17-29 2-23 1618 
591 ee 3 16 20. 45 Very clear at 32 0-025 
260 ss Px 16 20 33 Clear at 23 1590 | 
262 a 5 15 40 35 Clear at 34 0-050 17-77 2-14 
266 es Pr — 25 None at 25 - . 
268 - ia 16 45 47 None at 47 0-054 , 21-60 2-06 Overblown by request 
270 ‘ a 16 10 45 Change of slope 36 0-041 18-23 2-13 1610 
272 Re = 16 15 37 Chanége of slope 20 - - - ~ 
are | a oe —- 40 None at 40 - — 
441 = -~ 16 44 43 Clear at 26 0-027 21-47 1-96 
448 | ,, » | 1820)| 47 | Clear at 34 . - 1590 | 
450, a 18 23 | 59 = Clear at 23 : = 
909 Yellow ,, = 17 40 68 Very clear at 60 0-068 - 1613 
911 | Red 5% 15 40 45 Clear at 33 . - 1600 
913 me mn 17 30 a7 Clear at 29 0-068 19-90 - 
9 a 15 48 44 Very clear at 42 0-036 23-06 2-02 1600 
11 m 5 14 30 30 Clear at the end 30 0-036 26-53 1-87 1617 
13 _ » | 1435 30 Clear at 20 - . . — | 
15 ‘ » | — 30 Clear at the end 30 . . 
17 RA > | ab 15 45 Change of slope 37 0-050 21-62 - Charge of 15 tons 
19 es » | 1435 | 34 None at 34 0-160 19.24 1595 
21; » » | meee 36 None at 36 — 22-60 1600 Blown at high pressure 
23 | 9 » | 1230| 47 Clear at 36 - _ - 
302 + ne 15 45 | 37 Clear enough at 20 - - 
304 = os 14 35 | 34 Very clear at the end 33 0-038 25-79 - 
306 ® = 13 26 | 34 Clear at 27 | 0-029 | 23-63 1590 
Summary 
27 melts: 26 red opacities 17 well-defined steps 
1 not very well defined 
am 1 yellow opacity 3 changes of slope 
a 6 without any step 
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during the decarburizing stage when the bath tem- 
perature rises appreciably. 

Figure 9 deals with charge 306 only. It gives the 
blowing rate and pressure values throughout the 
blow and based on these is a calculated line known 
as the ‘ permeability curve’ for a constant blowing 
pressure of 20 lb/in®?. The notable drop in the 
permeability curve and the later recovery clearly 
indicate the way in which tuyeres become blocked 
and later become freed once again. 


Determination of the End-point by the Opacimeter 


The equipment used was the same as had been 
used previously for a similar investigation in France, 
but the local conditions did not permit of it being 
arranged in exactly the same way. It would have 
been preferable to have the sighting axis in a hori- 
zontal plane just above the converter nose, but it 
was necessary to work with an inclined axis clearing 
the nose by about 15 in. (Fig. 10). A further disadvan- 
tage was that the distance between the light source 
and the receiving cell was almost at the maximum 
permissible, 30 ft. 


The instrument settings were: 


(a) The brightness temperature of the projector bulb 
was maintained at 2000° C, thereby ensuring that 
it was always much brighter than the converter 
flame 

(b) The resistance of the photoelectric cell circuit was 
900-1000 

(c) To damp variations in the cell current arising 
from wide fluctuations in flame brightness, a 
shunt in the form of a 2000—3000-“F condenser 
was inserted in the circuit. 


Opacity diagrams of 27 heats were recorded (Table 
IV). Figure lla shows a chart covering the whole 
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Fig. 12—Carbon content related to the end-point signal 
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Fig. 13—Slag FeO related to Si content of iron 


of one heat. The opacity is seen to increase rapidly 
from the start of the blow and to pass through a 
first peak during the oxidizing of the silicon. This 
peak corresponded to the emission of reddish fumes 
during the desiliconizing stage. Following this, the 
opacity decreased and passed through a minimum 
a short time after the start of the decarburizing stage. 
After this it increased again and remained more or 
less unchanged until near the end of that stage. The 
sudden reappearance of red fumes caused a marked 
increase in opacity and the curve is seen to rise 
rapidly and to continue doing so until the heat was 
turned down. 

Figures lla and 6 also illustrate the ends of the 
curves of the whole of the 27 heats which were ob- 
served. It will be seen that some of these show a 
distinct kink. That some do not show this point is 
apparently explained by the blowing having been 
stopped rather earlier than usual, confirmation of this 
being found in the amount of residual carbon. 

For the heats for which the final carbon was known, 
it would appear that there was no correlation between 
the residual carbon and the length of time the blowing 
was continued after the appearance of the red fumes. 
There was, however, fair agreement between the 
carbon and the appearance of the kink in the curve, 
and it would appear that at that particular stage 
the carbon in the metal was 0-035-0-050% (see 
Fig. 12). Thus a means is provided of determining 
the point at which the heat should be turned down 
with an assured maximum carbon content of 0:05°%. 

The observation is in line with the results of Work,’ 
who has shown that the emissivity curve of the 
Bessemer converter flame, recorded by means of a 
photocell pyrometer, shows an irregularity at the 
end of the blow which corresponds to a carbon content 


of the same order as that now found with the aid of 


the opacimeter. 

Whilst the correlation between the end-point as 
recorded by the kink in the curve and the carbon in 
the metal was reasonably good, correlation with the 
FeO content of the slag was poor, probably owing to 
the influence of silicon and manganese. In Work’s 
experiments, on the other hand, the end-point was 
closely related to the FeO in the slag. 
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FLAME TEMPERATURE, °C 


There is an indication in Fig. 13 that for a given 
carbon content the slag tended to be higher in FeO 
in cases where the pig iron was lower in silicon. 
Controlling the Bath Temperature with the Flame 

Pyrometer 

The disposition of the instruments was the same 

as for the opacimeter, the light source pointing down 
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from a point above the level of the converter nose 
and with the distance between the source and the 
pyrometer approaching the maximum permissible. 
This arrangement was not ideal, but it was the best 
which could be managed. 

Flame temperatures were recorded for 18 heats 
(Table V), the instrument being calibrated for black- 
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relationship 


body conditions. Figures 14a, 6, and c reproduce the 
temperature charts for three heats. The first received 


(ii) It is believed that if the temperature chart were 
slowed up the kink seen in the opacity chart would also 
be seen in the temperature chart 

(iii) The flame temperature is influenced by the addi- 
tions made during the blow. The changes resulting from 
these additions are of the order of those estimated for the 
bath temperature: 

(a) A lowering of the temperature by 10° C for every 

16-5 lb of scrap per ton of iron 
(b) A raising of the temperature by 10° C for every 
2-2 lb of 45% ferrosilicon per ton of iron. 


The flame-temperature chart gives an indirect 
measure of thermal changes in the bath, and in the 
course of the study it was possible to establish an 
approximate rule for calculating the additions re- 
quired for the control of final temperature based on 
a flame temperature reading made about 3 min 
after decarburization began, the beginning of decar- 
burization being determined from the appearance of 
the flame, which becomes quickly brighter at this 
point, or from the temperature chart, which shows 
a sharp increase at this time. The rule is as follows: 


Flame Temperature 3 min after 


an addition of ferrosilicon after 94 min blowing to 


raise the temperature. The second was blown without 
any additions and the third was cooled after 9 min 
by an addition of scrap. 

From an examination of the temperature records 
the following conclusions have been drawn. 


start of Decarburizing Period, ° C Additions 
1500-1510 2 ewt (45% ferrosilicon 
1525-1545 1 cwt ( ,, 9 ) 
1550-1555 4 cwt ( ,, 99 ) 
1560-1565 No addition 
1570-1575 5 ewt (steel scrap) 
1580 10 cwt ( ” 


(i) The flame temperature at the time of the appearance 
of the red fumes in the final stage shows a correlation 
with the bath temperature taken with an immersion 
pyrometer after tilting the vessel (see Fig. 15). (Under 
the conditions imposed by the necessity to sight the 
instrument 15 in. above the nose, the flame temperature 


This rule was based on the practice of the blower, 
who was accustomed to judging temperature by eye 
and making additions as his experience dictated. 
It closely fitted 14 of the 16 trials for which reliable 


was approximately 50° C below that of the bath) charts were obtained. For these heats the final bath 

















Table V 
TEMPERATURE READINGS 
| Blame | Kiko Additions during 
| Immersion | Temp. at yy | Temp. at Flame Temp. cary oe 
BlowNo.| Temp., | Start of Readings Endof | before —-—- Remarks 
°C | Fumes, °C ’ Fumes, Additions, ° C | | Wace 
c c | | Scrap silicon 
min s 
443 1600 {| 1522 | 78 | 1482 |f1600after3 0 
| | 1599 after 4 20 10 0 Late addition 
58 1630 =| = 1577 53 1495 — 0 0 
448 — 1590 | 1523 67 | 1480 1592 after 3 20 10 0 
450 _ | 1535-1540 — | 1500 | 1550 after3 0 
| | \ 1547 after6 0 0 1 Late addition 
909 1613 | 1560 | 53 |; 1508 | f 1545 after 3 
| | | 1555 after 4 30 0 } _—_ Late addition 
911 1600 | 1535 65 | 1485 1408 after 1 30 0 2 
| | 1505 after 3 30 0 1 
913 --- | 1555 —- 1498 | f 1480 after 1 30 0 2 
| 1520 after 4 30 0 1 
9 | 1600 | 1550 | 50 ; 1505 1545 after3 0 0 1 
11 {| 1617 | 1560 | 57 | 1520 1545 after3 07 0 1 
13 —- | 1549 | — 1500 | 1575after3 0 | 10 0 | 
15 — | 1545 — 1518 | — Recorded only at the | 
| | end of the blow 
se Za — | 1555 | — 1465 | 1487after2 0°. 0 1 15 tons charge 
he 19 1599 1545, 50 | 41512 | 1560 after 3 0 9 0 Blown at low pressure | 
le. 21 1600 =| 1552 48 | 1482 | 1565 after3 0 0 0 | Blown at high pressure 
at 23 = |} 1548 | — 1492 | 1570 after3 0 0 1 Blown at high pressure 
302 —- | a5. |); — 1492 | 1542after1 45 10 0 Early addition 
304 _ 1560 | — 1518 1555 after 2 30 0 0 
ts 306 =—|—s«d1590 1540 50 1495 1608 after3 0 | 10 0 
-. | | 
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Fig. 16—Curves for control of heat 9, Workington, 16.5.55 


temperature taken by the immersion pyrometer 
varied by only 27° C (1590-1617° C). 

The exceptions were cast 23, which received an 
addition of 1 ecwt ferrosilicon, whereas the chart 
indicated a small scrap addition, and cast 302, to 
which 10 ewt of scrap was added before decarburizing 
began and could not therefore be compared with the 
other blows. In the case of cast 23 the final bath 
temperature was still within the required range, 
whilst for cast 302 the slope of the curve at the time 
of the addition indicated that the scrap addition was 
of the right order. In certain cases (casts 443, 450, 
909) the additions were made later than would 
have been the case had they been based on the flame 
pyrometer chart. 

As Figs. 14a, 6, and c and 16 show, the flame tem- 
perature rises to a maximum near the middle of the 
decarburizing stage and then falls towards the end. 
It is well known that the bath temperature does not 
follow this course but increases steadily throughout 
-decarburizing, apart from interruptions resulting 
from additions. It follows that the use of flame tem- 
perature as a guide to bath temperature is only 
empirical and some procedure such as counting 3 min 
after the start of decarburizing before taking a 
reading as a guide to making additions must be 
standardized. 

The investigations have shown that the flame 
pyrometer can be used to give an indirect measure of 
final bath temperature; it is most probable that it 
could be developed to give a useful guide to the scrap 
-or ferrosilicon needed just after decarburizing begins; 
finally, it is thought that the flame temperature chart, 
if slowed down, could be used for end-point deter- 
mination. Such applications could prove helpful to 
the experienced blower as well as greatly assisting 
new operators. 


CONCLUSION 


It is impossible to assess the extent to which steel 
quality and regularity of production by the acid 
Bessemer process might be improved by the routine 
use of the instruments described in this paper, but 
preliminary tests have provided new information on 
the factors affecting air consumption per ton of iron, 
notably the influence of bath depth, blowing rate, 
and silicon content of the iron, and they have indi- 
cated how blocking of the tuyeres can be detected 
from permeability measurements, how opacity 
measurements can be used to give an end-point signal, 
and finally they have indicated the possibilities of 
simplifying and bringing refinement to the estimation 
of temperature at a sufficiently early stage in blowing 
to permit proper assessment of the scrap or ferrosilicon 
needed so that the blow will finish within the desired 
temperature range. Whether used for research pur- 
poses, for assisting in training new blowers, or for 
giving greater scope to the skill of blowers already 
experienced, it is likely that these and other instru- 
ments such as the tuyere sighting pyrometer will 
find an increasing importance in the improvement of 
the Bessemer process. 
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Bessemer Converters 
at Consett Iron Company Limited 


THE TWO acid-lined 25-ton converters at Consett 
were put down in 1953. They began operations on 
5th January, 1954, and provide blown metal for 
duplexing. They are housed in a suitable building 
which contains also a 1000-ton inactive mixer, and 
they are served by two 100-ton overhead cranes. 

They are the first vessels to be put down in the 
United Kingdom since the second world war especi- 
ally for the purpose of duplexing. The decision to 
adopt the duplex process at Consett was taken for 
two reasons. First, the national shortage of scrap 
made it essential, if ingot output was to be increased 
at all, to make use of the surplus iron available from 
the Consett blast-furnaces; secondly, as the new mill 
equipment required a greater tonnage of ingots than 
the existing open-hearth shop of eight 150-ton fixed 
furnaces could produce, it was necessary to find a 
quick solution for the extra capacity, and the method 
which was the quickest, and by far the cheapest from 
a capital cost point of view, was duplexing. Further 
details of duplex steelmaking at Consett have been 
given elsewhere.* 

Experience to date has shown that the decision was 
fully justified, as ingot output has increased from 
under 12,000 to over 18,000 tons per week, the best 
week’s production being over 20,000 tons. Of this 





* “ Developments at the Consett Works of the Consett 
Iron Company Limited,” Jron Steel Inst. Spec. Rep. No. 54, 
1955, pp. 1-2. 


increased output 7000-8000 tons has come from 
duplexing. A new open-hearth plant to give this 
output would have cost about three times as much as 
the Consett Bessemer plant. 

There have, of course, been difficulties in getting 
the best advantage from the use of blown metal; these 
have been largely metallurgical, and chiefly connected 
with suitable iron quality. The ores that are avail- 
able have to be used rather than those most suitable 
for producing the iron qualities needed for a combina- 
tion of the duplexing and scrap/hot-metal processes. 
This iron quality has set a problem in keeping the 
Bessemer slag out of the open-hearth furnaces, but 
Consett is now averaging under 8 h tap-to-tap for a 
duplex charge, with a minimum of 43 h, and methods 
of keeping the slag out of the open-hearth furnaces 
are being tried with increasing success. It is hoped 
to reach an output from the duplex furnaces of 2-2 
times that from a straight open-hearth furnace. 

A tonnage oxygen plant is being put down at 
Consett by the British Oxygen Company both for 
flame enrichment in the open-hearth, where trials on 
maximum scrap charges have shown an increase of 
3-4 tons/h, and for trials on blowing the converters 
with oxygen. 

It is clear that the increased output of steel which 
the U.K. requires will have to come more and more 
from iron and less and less from scrap, and the plant 
at Consett has shown how this may be done with- 
out loss of output or prohibitive capital expenditure. 


ony 





Henry William Bessemer 


Mr. Henry William Bessemer died on 26th April, 1956, 
less than a month before the meeting at which was 
celebrated the centenary of the first operation of the 
pneumatic process of steelmaking developed by his 
grandfather. Mr. Bessemer, in spite of his age—he was 
in his 91st year—took a great interest in the centenary. 
He was most helpful in giving information about his 
grandfather, whom he had known well and of whom he 
was fond and proud. It was at his wish that family pic- 
tures, photographs, letters, and medals which had belonged 
to Sir Henry Bessemer were lent to the Institute for an 
exhibition. Some years before he had presented to the 
Institute seven folio atlases of diagrams illustrating 
patents taken out by Sir Henry up to 1871 and the 
clock which he bought at the Paris Exhibition in 1867 
and which figures prominently in photographs of the 
hall of his house at Denmark Hill. 

Mr. Bessemer was by profession an engineer but retired 
from business at a comparatively early age. As a young 
man he had often gone to Denmark Hill and helped 
his grandfather with the drawings of his inventions. 

In 1911 he went to live in Sussex in a beautiful house 
with a large garden and lovely typical views of the South 
Downs. There he could enjoy to the full his interest as a 
naturalist. He was a keen fisherman and a good shot. 
He was a progressive and successful farmer. He took 
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up golf and was for many years President of the local 
club. He was active in all local affairs, and thus lived 
to the full the life of a country gentleman of wide culture 
and varied interests. 

His life-time hobby was philately. He was a Fellow 
of the Royal Philatelic Society and an acknowledged 
authority on the printing and production of stamps. He 
gave exhibitions of stamps to a number of philatelic 
societies and contributed many articles to the philatelic 
magazines and journals. In 1950 his name was inscribed 
on the Roll of Distinguished Philatelists. 

Mr. Bessemer was married in 1893 to Miss Rosa 
Garton. They are survived by a son and a daughter. 
The latter kept house for him. 

A visitor who saw Mr. Bessemer and his daughter two 
months before his death has very pleasant memories of 
delightful hospitality offered with proper comfort and 
no ostentation; of a fine old gentleman with courtly 
manners, brisk movements and a very keen eye, who 
gave no sign of the infirmities usually associated with 
extreme old age; and of a considerate and gracious 
companion who shared to the full the family’s interest 
in local affairs and their burning indignation at injustice 
—and who guarded her father’s comfort and health to 
their mutual happiness with untiring unspectacular 
unselfishness. kK. H-M. 
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IRON AND STEEL INSTITUTE 
Meeting in Sheffield, 1957 


It is probable that a meeting will be held in Sheffield 
during the week beginning 8th July, 1957. 


Proposed Meeting in Belgium and Luxemburg, 1958 


The Council have accepted an invitation from the 
Centre Nationale de Recherches Métallurgiques to hold 
a Meeting in Liége in 1958 in connection with the Inter- 
national Exhibition which will be held that year in 
Brussels. The Meeting will be organized by the Centre 
Nationale de Recherches Métallurgiques in conjunction 
with the Association des Ingénieurs sortis de l’Ecole de 
Liége. Representatives of the steel industry of Luxem- 
burg have also extended cordial invitations for the 
Institute to visit that country. The probable dates are 
Thursday, 17th, to Saturday, 21st’ June in Liége; Satur- 
day, 21st, to Wednesday, 25th June in Luxemburg; and 
Wednesday, 25th, to Saturday, 28th June in Brussels 
and Charleroi. 


BESSEMER EXHIBITION 


In connection with the Bessemer Centenary celebra- 
tions, a small exhibition of portraits, photographs, letters, 
medals, and other relics associated with Sir Henry 
Bessemer was held at the offices of the Institute from 
15th to 18th May, 1956. A catalogue of the exhibits will 
be published in the Journal later this year. 


NEWS OF MEMBERS 


Mr. T. A. Bird has been appointed Sales Manager of 
Rolls to Armstrong Whitworth (Metal Industries) Ltd. 
and Jarrow Metal Industries Ltd. 

Mr. E. H. Booth, Forgings Technical Manager of 
Hadfields Ltd., Sheffield, has been appointed a Local 
Director, and has also joined the Board of Hadfields 
Forgings Ltd. 

Mr. E. W. Colbeck has been appointed Managing 
Director of Hadfields Steels Ltd. 

Mr. C. Dawson has taken up the post of Blast-furnace 
Manager at the Redbourn Section of Richard Thomas 
and Baldwins Ltd. 

Mr. D. W. O. Dawson has been appointed Chief 
Research Metallurgist with A.P.V. Paramount Ltd. 

Major H. G. Freeman has joined the Board of Hadfields 
Steels Ltd. 

Mr. E. Jarvis has been appointed Industrial Accountant 
to Armstrong Whitworth (Metal Industries) Ltd. and 
Jarrow Metal Industries Ltd. 

Mr. R. Lamb has joined the Board of Hadfields Forgings 
Ltd. 

Mr. R. I. Lindsay has taken up an appointment as 
Technical Officer in the Research Department of I.C.I. 
Metals Division, Witton, Birmingham. 

Mr. D. P. C. Neave has been appointed Chairman of the 
Zine Development Association; he is Vice-Chairman of 
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The Consolidated Zinc Corporation Limited. This cor- 
rects the announcement made in our April issue, which 
we regret omitted part of the main wording of the 
announcement owing to a printer’s error. 

Mr. G. A. Pickup has taken up an appointment as a 
Development Engineer with the Carborundum Company, 
Manchester. 

Dr. J. R. Rait has joined the Board of Hadfields Steels 
Ltd. 

Mr. D. R. Sen has taken up an appointment with the 
Research Laboratory of Westfalenhiitte, Dortmund. 

Mr. A. H. Waine has been appointed Managing Director 
of Hadfields Forgings Ltd. 

Mr. L. H. Walker, formerly with Imperial Chemical 
Industries Ltd., Metals Division, Birmingham, has left 
the U.K. to take up an appointment with Reynolds 
Metals Company of Louisville, Kentucky, U.S.A. 

Mr. H. W. A. Waring has resigned from the post of 
Director of the Industry Division of E.C.E. and has been 
appointed to the Boards of the Brymbo Steel Works and 
Guest Keen Iron and Steel Co., Ltd. 

Mr. D. A. Winton has left the British Iron and Steel 
Federation to take up an appointment with John Sum- 
mers and Sons Ltd. 

Mr. G. Wood, Heat Treatment Superintendent of 
Hadfields Ltd., Sheffield, has been appointed a Local 
Director, and has also joined the Board of Hadfields 
Forgings Ltd. 


CONTRIBUTORS TO THE JOURNAL 


Mare Allard—Directeur Général of the Institut de 
Recherches de la Sidérurgie (IRSID). 

Monsieur Allard was born in March, 1899, and is an 
Ingénieur Civil des Mines (Saint Etienne). He is a 
Chevalier de la Légion d’Honneur and holds the Croix 
de Guerre. 

R. Borione—Assistant Director of the IRSID Labora- 
tories. 

Monsieur René Borione was born in Annonay, Ardéche, 
in February, 1905. He graduated as Ingénieur Civil des 


Mines from l’Ecole Nationale Supérieure des Mines de 
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J. Galey F. Maratray 


Saint Etienne in 1928. From 1930 to 1939 and from 
1945 to 1948 he was a member of the research staff, 
and later Head of the Laboratory, of the Société des 
Forges et Aciéries de Saint Etienne. From November, 
1948, to May, 1956, Monsieur Borione was Head of the 
Metallographic Department of IRSID. 


F. B. Cawley, M.Met.—Steelworks Superintendent of 


the Workington Iron and Steel Company, Workington, 
Cumberland. 

Mr. Cawley graduated B.Met. with honours at Sheffield 
University in 1920 and was awarded the Mappin Medal. 
He received the degree of M.Met. in 1921 and is the 
recipient of the Bronze and Silver Medals of the City and 
Guilds Institute. 

He took up an appointment with the Workington 
Iron and Steel Company in 1920 as Assistant in the 
blast-furnace plant and transferred to the Bessemer 
Department in the following year. Mr. Cawley became 
Bessemer Manager in 1925 and took control of the arc- 
furnace installation in 1942. He took up his present 
appointment in 1952. Mr. Cawley has been a member 
of The Iron and Steel Institute since 1923. 

Georges Delbart—Administrateur-Directeur Scienti- 
fique of IRSID and Adviser to the French Atomic Energy 
Commission. 

Monsieur Delbart was born in April, 1899, and was 
awarded Doctor of Science and Chemist-Engineer from 
the University of Lille. He is a Chevalier de la Légion 
d’Honneur and a Commander with plaque of the Order 
of Alfonso X of Spain. 

R. Durand—Head of the Special Research Department 
at the Laboratoire Dauphinois d’Hydraulique of the 
Société Grenobloise d’Etudes et d’Applications Hydrau- 
liques, Grenoble. 

Monsieur Durand was born in 1922 and graduated as 
Ingénieur des Arts et Manufactures in 1946. 

J. Galey—Member of the staff of the Combustion 
Section, Steelmaking Department of IRSID. 

Monsieur Jean Galey was born in Paris in April, 1918. 
After five years of foundry work he graduated from the 
Conservatoire National des Arts et Métiers. He joined 
IRSID in March, 1949, and has been concerned with 
studies on combustion in the O.H. furnace and on the 
blowing of basic Bessemer converters. 
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R. Borione J. Plateau 


G. Husson—Head of the Steelmaking Department of 
IRSID. 

Monsieur Gabriel Husson was born in Saint Etienne, 
Loire, in September, 1894. After the First World War 
he attended l’Ecole Nationale Supérieure des Mines de 
Saint Etienne, graduating as Ingénieur Civil des Mines 
in 1921. From then until 1939 he was a member of the 
production staff, and later Head, of the O.H. Steelmaking 
Department of two establishments in central France. 

He has been Head of the Steelmaking Department of 
IRSID since its foundation in 1947. Monsieur Husson 
was an artillery officer during the First World War and 
holds the Croix de Guerre. He is also a Chevalier de la 
Légion d’Honneur. 


G. Cohen de Lara—Head of the Iron and Steel Pro- 
duction Research and Chemical Engineering Department 
at the Laboratoire Dauphinois d’Hydraulique of the 
Société Grenobloise d’Etudes et d’Applications Hydrau- 
liques, Grenoble. 

Monsieur Cohen de Lara was born in 1924 and is 
Ingénieur of the Institut Electrotechnique de Grenoble 
(1948) and the Ecole d’Ingénieurs Hydrauliciens (1949). 


P. Leroy—Member of the research staff in the Steel- 
making Department of IRSID. 

Monsieur Pierre Leroy was born in Paris in January, 
1920. He graduated as Ingénieur Civil des Mines from 
l’Ecole Nationale Supérieure de la Metallurgie et des 
Mines de Nancy in 1943. He was awarded the Licence 
en Droit from the University of Paris in 1948. From 
1943 to 1948 he was a member of the Steelmaking 
Department of l’Usine de Senelle, Société Lorraine- 
Escaut, at Longwy, Meurthe-et-Moselle. Monsieur Leroy 
joined the research staff in the Steelmaking Department 
of IRSID in 1948 and has been concerned especially with 
the basic’ Bessemer process. He was awarded the Prix 
Jean Rist of the Société Francaise de Métallurgie in 1953. 
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F.B Cawley B. Trentini 


F. Maratray—Member of the research staff of IRSID. 

Monsieur Fernand Maratray was born in Saint 
Symphorien d’Ozon, Isére, in September, 1921, and was 
educated at the Conservatoire National des Arts et 
Métiers. 

Y. Morillon—Member of the research staff of IRSID 
Statistical Department. 

Monsieur Yves Morillon was born in August, 1926, and 
graduated in the physical and mathematical sciences. 
He attended the Ecole Nationale Supérieure du Pétrole 
et des Combustibles Liquides. Monsieur Morillon took 
up his present appointment in November, 1953. 

J. Plateau—-Member of the research staff of IRSID 
Physics Department. 

Monsieur Jean Plateau was born in Calais in March, 
1923. From 1949 to 1950 he was with the Office National 
d’Etudes et de Recherches Aeronautiques (ONERA) 
specializing in Metallurgy. He took up his present 
appointment with IRSID in February, 1950. 

B. Trentini—Metallurgist with the Steelmaking Depart- 
ment of IRSID. 

Monsieur Bernard Trentini was born in La Rochelle 
in August, 1925. He graduated from l’Ecole des Mines 
de Paris in 1948 and was awarded the M.Sc. degree in 
Metallurgy of the Carnegie Institute of Technology in 
1950. In the same year he joined IRSID Coke and Iron 
Department. After a year he transferred to the Steel- 
making Department, where he has carried out researches 
on the basic Bessemer converter and on sulphur in iron- 
making and the basic O.H. process. 

L. Wahl— Assistant to the General Manager of IRSID. 

Monsieur Lucien Wahl was born in Macon, Sadne-et- 
Loire, in 1928, and took his degrees at the Ecole Poly- 
technique. He joined IRSID in 1950, working first on 
ore dressing before being appointed to his present 
position. 





G. Cohen de Lara 


R. Durand 
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D. R. Wattleworth—General Works Manager and 
Director, Workington Iron and Steel Company. 

Mr. Wattleworth began his career in 1907 in the 
chemical and metallurgical laboratories of the works of 
which he is now General Works Manager and Director. 
He later became Chief Chemist and subsequently Assis- 
tant Manager at Harrington Coke Ovens Ltd., a company 
eventually taken over by the Workington Iron and Steel 
Company. 

Mr. Wattleworth was an original member of the 
Northern Coke Research Committee. In 1936, with the 
installation of coke ovens at the iron and steelworks, he 
transferred to Workington and in 1939 was appointed 
Chief Chemist to the group embracing coal and ore 
mining, brickmaking, tar distilling, coke making, and 
iron and steel manufacture. In 1943 he became Technical 
Assistant to the General Manager and in the following 
year was appointed General Works Manager. He became 
a Director in 1944. 

Mr. Wattleworth is a Past President of the Coke Oven 
Managers’ Association, and is Chairman of the Working- 
ton and District Employment Committee and the West 
Cumberland Productivity Committee. He was awarded 
the O.B.E. in the 1955 New Year’s Honours List. Mr. 
Wattleworth is interested in industrial history and has 
presented many papers to local societies on the subject. 


BRITISH IRON AND STEEL 
RESEARCH ASSOCIATION 


Conference on Heat Treatment Practice 


A conference on heat treatment practice, organized by 
the Metallurgy (General) Division of B.I.8.R.A., is to be 
held at Ashorne Hill, near Leamington Spa, on 5th and 
6th June, 1956. The Chairman will be Mr. E. W. Colbeck 
of Hadfields Ltd., and the Vice Chairman, Mr. W. C. 
Heselwood of the United Steel Companies Ltd. 

The first session will be concerned with distortion and 
cracking problems. Papers will be delivered by Mr. F. D. 
Waterfall (I.C.I. Ltd.) and Mr. P. E. Clary (Ford Motor 
Company Ltd.). 

Session two, on heating for forging and treatment, will 
be introduced by a paper from Mr. O. Hirston (Brown- 
Firth Research Laboratories) on ‘* The Principles of 
Equipment to Ensure Good Heat Flow in Furnace Charges.” 
This will be followed by a paper on “ Heat Flow in Large 
Forgings’ by Dr. F. W. Jones, also of Brown-Firth 
Research Laboratories. Mr. J. E. Russell (English Steel 
Corporation Ltd.) is also presenting a paper on “ Rapid 
Heating of Small Forgings.” 

The third and last session is concerned with trans- 
formations. Mr. H. Allsop (Brown Bayley Steels Ltd.) 
will give a paper on ‘‘ Isothermal Transformation Dia- 
grams,” and Dr. W. Steven (The Mond Nickel Company 
Ltd.) will conclude with a paper on ‘‘ Continuous Cooling 
Transformation Diagrams.” 

Full details may be obtained from the organizer and 
secretary, Mr. J. R. Powell, B.I.S.R.A., 11 Park Lane, 
London, W.1. 


Works Transport Conference 

The Plant Engineering Division of B.I.S.R.A. will hold 
its 13th Conference in Sheffield on Tuesday and Wednes- 
day, 3rd and 4th July, 1956, on the theme of “* Works 
Transport.” The main emphasis will be on road transport 
methods, and demonstrations of various types of vehicle 
are being arranged. Full details of the Conference are 
available from the Technical Secretary, Plant Engineering 
Division, B.1I.8S.R.A., 140 Battersea Park Road, London, 
S.W.11. 
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INSTITUTE OF METALS 
Election of Dr. Wilkins to Fellowship 


Dr. R. A. Wilkins, Vice-President, Research and 
Development, Revere Copper and Brass Inc., Rome, 
N.Y., U.S.A., has been elected a Fellow of the Institute 
of Metals in recognition of his outstanding services to 
the Institute, in particular as Corresponding Member to 
the Council in the United States. Election to the Fellow- 
ship is the highest honour bestowed for services to the 
Institute itself and Fellows are limited in number to 
twelve. Dr. Wilkins is the first member resident outside 
the British Isles to be elected to the Fellowship. 


AFFILIATED LOCAL SOCIETIES 
Staffordshire Iron and Steel Institute 


A limited number of copies of the Journal of the 
Proceedings of The Staffordshire Iron and Steel Institute, 
covering the years 1946-53, are now available. The 
contents of the volume are as follows: 

Presidential Addresses by Mr. G. B. Morrison, Dr. E. 
Marks, Mr. K. H. Wright, and Mr. W. Regan. 

“* Why the Izod Value ?”’ by Dr. H. E. Davies. 

** The Controlled Charging of Basic O.H. Furnaces,” by 
Mr. J. McCracken. 

“Scrap from the Recoverer’s Point of View,” by Mr. 
F. L. Levy. 

“Some Recent Engineering Developments in the Iron 
and Steel Industry,” by Mr. J. L. Kilby. 

** Blast-furnace Development,” by Mr. R. A. Hacking, 
O.B.E. 

Copies may be obtained, price 10s. each, from Mr. 
H. J. E. Jones, Secretary of The Staffordshire Iron and 
Steel Institute, Stewarts and Lloyds Ltd., Bilston, Staffs. 


EDUCATION 
City and Guilds Broadsheet 


The City and Guilds of London Institute, Gresham 
College, Basinghall Street, London, E.C.2, has begun 
publishing an occasional Broadsheet, which aims to 
provide a regular flow of information concerning the 
Institute’s activities. 


National Council for Technological Awards 


At a press conference in London on 14th May, Lord 
Hives, chairman of the recently established National 
Council for Technological Awards, outlined some of the 
conditions on which the awards will be made. 

The first award planned by the Council will be a 
diploma, equivalent in standard to a university honours 
degree, but with a strong practical emphasis which will 
include instruction in industrial organization. The 
Council has set out its basic conditions and is waiting 
for colleges to submit details of proposed courses for the 
diploma. 

Lord Hives emphasized that the course is not merely 
intended to duplicate existing degrees and diplomas in 
engineering and allied subjects, but to produce pro- 
fessional technologists with a thorough understanding of 
industrial requirements. 


Chair in Refractories Technology—Sheffield University 


The University of Sheffield has been enabled to create 
a Chair in Refractories Technology by the gift of £15,000 
from J. and J. Dyson Ltd. Dr. James White has been 
appointed the first holder of the Chair, the first in this 
subject to be established in Great Britain. 
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** Acta Metallurgica ’ 


The American Institute of Mining and Metallurgical 
Engineers has agreed to become a co-sponsor in the 
publication of Acta Metallurgica as from Ist January, 
1957. 


Extension of Stannington Plant 


Work has begun on a new extension at the Stannington 
plant of J. and J. Dyson Ltd., which will produce refrac- 
tory casting pit hollow ware, as at present. The plant, 
which will be completed early in 1957, is contained in 
one block and output will be about 800-1000 tons of 
hollow ware per month. 


New Diesel-electric Locomotive 


The Yorkshire Engine Co., Ltd., in collaboration with 
the British Thomson-Houston Company, has introduced 
the ** Janus” diesel-electric shunting locomotive. It is 
being produced in 200 and 400 h.p. versions. 


Centenary of Andrews Toledo Ltd. 


This year marks the centenary of the foundation of 
Andrews Toledo Ltd., a subsidiary company of Darwins 
Ltd., of Sheffield. The fifth issue of the Company’s 
Annual Report is a pictorial record giving a brief history 
of the domestic activities of Andrews Toledo Ltd. and 
showing how Toledo steels have been exported through- 
out the world. 


Summer Programme on Iron and Steelmaking 


A Special Summer Programme on the metallurgy of 
iron and steelmaking will be held at the Massachusetts 
Institute of Technology from 18th to 29th June, 1956. 
The Programme will be under the joint direction of 
Dr. John Chipman, Head of the M.I.T. Metallurgy 
Department; Dr. J. F. Elliot and Dr. T. B. King, 
Associate Professors of Metallurgy at M.I.T.; and Dr. 
F. D. Richardson of Imperial College, London. The 
programme will review the basic concepts of thermo- 
dynamics and physical chemistry which are of direct 
interest. Heat supply in furnaces and the properties of 
the refractories used in furnace construction will be 
considered, and problems connected with the solidifica- 
tion of steel castings and ingots will be included. 


International Fair—Poznan 


The 25th International Fair of Poznan will take place 
from 17th June to Ist July, 1956, at which the technical 
progress of Polish industry will be displayed. 


Iron Ore Supplies 

Political and Economic Planning has recently published 
a booklet entitled ‘‘ Britain’s Iron Ore Supplies,” which 
examines the question of whether ore mining is carried 
on to the best advantage of the rest of the steel industry 
and also its conflict with the national interest in main- 
taining agriculture and an unspoiled countryside. The 
booklet is available at 2s. 6d. from P.E.P., 16 Queen 
Anne’s Gate, London, 8.W.1. 


Congress on High-speed Photography 


More than 40 papers dealing with the techniques and 
applications of high-speed photography will be presented 
at the Third International Congress, to be held at the 
Government Offices, Horseguards Avenue, London, from 
10th to 15th September, 1956. 
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Centenary of Edward Goodrich Acheson 


This year marks the 100th anniversary of the birth of 
Edward Goodrich Acheson, best known for his electric 
furnace, silicon carbide, man-made graphite, and col- 
loidal graphite. The occasion will be celebrated by a 
group of industries who owe their existence to Dr. 
Acheson’s discoveries and inventions, as well as by 
various chemical, electrical, and electrochemical societies. 
During 1956 a number of centennial lectures will be 
delivered in the U.S.A., U.K., France, Germany, and 
Italy. There will also be presented on radio and tele- 
vision re-enactments of his discovery of silicon carbide, 
an abrasive without which the mass production of 
accurately machined parts would be impossible. 

Dr. Acheson was born in Washington, Pa., on 9th 
March, 1856, and was the founder of The Carborundum 
Company, Niagara Falls, N.Y., the Acheson Graphite 
Company (now a part of National Carbon Company, a 
Division of Union Carbide and Carbon Corporation), 
Acheson Colloids Company, Port Huron, Michigan, and 
Acheson Colloids Limited, London. 

During his lifetime Dr. Acheson was granted seventy 
patents and was the recipient of the Perkin Medal, Count 
Rumford Medal, his own Acheson Medal, and on two 
occasions was awarded the John Scott Medal by the City 
of Philadelphia on the recommendation of the Franklin 
Institute. He died in New York City on 6th July, 1931. 


Development of Society of Instrument Technology 


The Society of Instrument Technology Ltd. was 
founded in 1945 and has today achieved a large member- 
ship. Because of the continual growth of the Society 
and its activities and the increasing recognition of the 
need for automation in industry, the Council has decided 
to engage full-time staff and take office accommodation. 

Through the courtesy of the Council of the Scientific 
Instrument Manufacturers’ Association of Great Britain 
Ltd., an office has been taken at 20 Queen Anne Street, 
London, W.1 (LANgham 4251/2) and a _ full-time 
Secretary and clerical staff engaged. The Secretary is 
Commander A. A. W. Pollard, D.s.c., R.N. (RETD.), who 
has recently left the Navy after more than 31 years’ 
service in the Executive Branch. The office in Queen 
Anne Street is now functioning and all correspondence, 
except that which affects the editorship of the Society’s 
Transactions, should be addressed accordingly. 


Institute of Fuel Annual Luncheon 


The Annual Luncheon of the Institute of Fuel was held 
at the Connaught Rooms, London, W.C.2, on Wednesday, 
25th April, 1956. The President, Mr. R. H. Gummer, 
presented the Melchett Medal for 1956 to Professor Sir 
Alfred Egerton, F.R.s. Replying to the toast of ‘“‘ The 
Guests,” Mr. R. P. Morison, Q.c., Independent Chairman 
of the British Iron and Steel Federation, spoke of the 
need for fuel economy in the steel industry. He said that 
a great effort to conserve British coking coal was being 
made by the steel industry in a variety of ways, including 
improved burden preparation and increased use of sinter, 
economy in the use of coal for purposes other than 
carbonization and its replacement by oil and gas, and 
stricter control by means of more efficient instrumenta- 
tion and greater integration. Speaking of the future, 
Mr. Morison said that there would be an increased need 
for coking coal to achieve the estimated production of 
28 million tons of steel in 1962. It was essential that 
coking coal should be reserved for carbonization in blast- 
furnaces and not wasted in other applications for which 
alternative fuels were equally effective. 
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Corrigendum: Stein Basic Refractories 


In the advertisement of John G. Stein and Co., Ltd., 
Bonnybridge, Scotland, published in the March, 1956, 
Journal, p. 63, the refractory ‘ nettle myrtle ’ was shown 
as ‘metal myrtle.’ This error of typesetting is much 
regretted. 


DIARY 


lst-4th June—Astis—Conference on “ Information Staff 
and Management ’’—Hotel Metropole, Brighton. 

4th-7th June—Merats Drvision, SpecraLt LIBRARIES 
AssociaTion—Conference—Hotel William Penn, 
Pittsburgh, Pa. 

5th-6th June—Brirish IRON AND STEEL RESEARCH 
Association, Metallurgy (General) Division—Con- 
ference on Heat Treatment Practice—Ashorne Hill, 
Leamington Spa. 

5th-12th June—Tue Iron anv Steet InstiruTe— 
Special Meeting in France. 

6th — 9th June — DerurscHe GESELLSCHAFT FUR 
CHEMISCHES APPARATEWESEN—3Ist Conference— 
Dechema-Institut, Rheingau-Allee 52, Frankfurt- 
am-Main. 

*%th-9th June—MonTanistiscHE HocHscHULE LEOBEN— 
3rd International Light Metal Convention—Leoben. 

12th June—IncorrorATeD PLANT ENGINEERS (MAN- 
CHESTER Brancu)—‘ Small Industrial Water Tube 
Boilers,” by G. H. Steward—The Engineers’ Club, 
Albert Square, Manchester, 7.15 P.M. 

138th June—InstiruteE or Merats—‘‘ Some Recent 
Studies of Irradiation Effects in Metals,” by Pro- 
fessor R. Smoluchowski—lInstitution of Naval 
Architects, 10 Upper Belgrave Street, London, 
S.W.1, 6.30 P.M. 

17th-28rd June—FirrH Wortp PowER CoNFERENCE— 
Konzerthaus, Vienna. 

18th-29th June—Massacuuserts INSTITUTE OF TECH- 
NOLOGY—Special Summer Programme on “ Metal- 
lurgy of Iron and Steelmaking ’—M.1.T., Cambridge 
39, Massachusetts. 

18th-29th June—Massacuusettrs INSTITUTE OF TECH- 
NoLocy (Metals Processing Division, Mechanical 
Engineering Department)—Special Summer Pro- 
gramme on “ Wear Theory in Metal Cutting and 
Bearing Design ’’—M.I.T., Cambridge 39, Massa- 
chusetts. 

21st June—CLEVELAND INSTITUTION OF ENGINEERS— 
Works’ Visit to the Lancashire Steel Corporation 
Ltd., Irlam, Manchester—depart Grand Hotel, 
Middlesbrough, 8.0 A.M. 

2ist June—InstiruTIon oF ELEcTRICAL ENGINEERS— 
Conversazione—Royal Festival Hall, London, 8.E.1. 

22nd June—6th July—MacuineE Toon Trapes Assocta- 
TIoN—International Machine Tool Exhibition— 
Olympia, London. 





TRANSLATION SERVICE 


(The previous announcement was made in the April, 
1956, issue of the Journal, p. 400). 


TRANSLATIONS IN COURSE OF PREPARATION 


(German). H. A. Vocets: “ Influence of Various Alloying 
Elements on the Properties of Heat-resisting 
Chromium—Nickel Steels in the Temperature 
Range 600—700° C.” (Stahl u. Eisen, 1955, vol. 
75, 5th May, pp. 559-570). 

(German). B. von Soruen: ‘“ Effect of Increased 
Demands on Output and Quality on the Design, 
Operation, and Control of Rolling-mill and 
Forge Furnaces.’ (Stahl u. Eisen, 1955, vol. 75, 
2nd June, pp. 709-718). 
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BOOK NOTICES 


British ELECTRICAL DEVELOPMENT ASSOCIATION. “‘ Electric 
Motors and Controls.”’ (Electricity and Productivity Series, 
No. 3). 8vo, pp. xx + 279. Illustrated. London, [1956]: 
The Association. (Price 9s.). 

It has often been stated, with undoubted justification, 
that the application of motors to suit the drive calls for 
special consideration if the full economic and technical 
advantages are to be realized. The purpose of this book is 
to present a comprehensive collection of brief explanations, 
particularly for the “ non-electrical ” reader. 

Chapter 1 briefly covers the application of motors, and 
some very interesting figures are given, showing the size 
of drives for various applications. An introduction to the 
basic principles of motors is given in chapter 2; chapters 
3 and 4 deal with alternating current motors and direct 
current motors, respectively; practically all types of motors 


are considered, and of particular value is the summary of 


typical] applications given after each type of drive. 

Various types of controls, including some electronics, are 
covered in chapters 5 and 6, whilst the mechanical con- 
struction of motors and the mechanical power transmission 
are covered by chapters 7 and 8, respectively. 

Chapter 9, dealing with the economical use of motors, 
embraces B.S.8. specifications in simple language and also 
clearly points out the advantages of power factor improve- 
ments. Some useful points are raised in chapter 10, which 
deals with the installation and maintenance of motors and 
control gear. 

Undoubtedly, ‘‘ Electric Motors and Controls ”’ offers in 
one volume a collection of useful information covering a 
wide field; it is extremely well indexed and makes good use 
of some 114 illustrations. 

To the student, non-technical and mechanical engineers 
the book offers a summary of the broad principles, in an 
easy manner, relating to the function of motors and their 
application; for the electrical engineer, it is a useful addition 
to the present Electricity and Productivity Series.—SyDNEY 
R. PHELPs. 


’ 


FRIEDENSBURG, F. ‘ Die Bergwirtschaft der Erde.” Fifth 
revised edition. La. 8vo, pp. xvi + 562. Illustrated. 
Stuttgart, 1956: Ferdinand Enke Verlag. (Price DM. 69). 
This volume deals with the mineral deposits, mining 
technique, and production of some 160 states and territories, 
arranged in alphabetical order; the minerals themselves 
include coal, oil, sulphur, graphite, asbestos, and the ores 
of all the industrial metals. Statistical tables for world 
production of these minerals are also provided.—J. P. s. 


Hetrng, RicuarD W., and Putir C. Rosenruar. “ Principles 
of Metal Casting.”’ Prepared in co-operation with the Text- 
book Committee of the Education Division, American 
Foundrymen’s Society, Des Plaines, Illinois. 8vo, pp. vii 
639. Illustrated. New York, Toronto, London, 1955: 
McGraw-Hill Book Co., Inc. (Price 56s. 6d.). 

This volume is intended for use as a preliminary textbook 
for students interested in foundry processes and materials. 
It covers a very wide field, including steel, cast iron, and 
most of the non-ferrous alloys. 

The section dealing with moulding methods outlines 
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green-sand, dry-sand, plaster, and lost-wax processes, and 
also the types of machine which are widely employed in 
the States. All the standard tests on moulding sands are 
given in detail, although the section dealing with the basic 
properties of sands and the effects of moisture, packing 
density, and organic additives is not quite so clearly 
presented. A very brief section outlines the relationship 
between casting defects and moulding sands. 

Shrinkage is dealt with in a conventional manner, and 
the development of dendritic patterns is well explained. 
A section on risering, feeding, and densening is a good 
summary of existing knowledge and practice. Running 
systems and principles of flow control are well described. 

A section on riser-size calculation in steel castings is 
included, but it should be observed that volume /area ratios 
for the same casting calculated in millimetres or inches are 
numerically different. 

A very short summary of steel melting principles is given, 
and the chapter on the metallurgy of cast steel covers a 
very wide range in a very short space. 

The section on cast iron is fairly comprehensive. The 
introduction of the A.F.S. and A.S.T.M. graphite flake 
rating charts, and the section dealing with mechanical 
properties and specifications are very useful features. The 
use of a carbon equivalent value which ignores phosphorus, 
however, whilst reasonable in the U.S.A., where phosphorus 
values are low, is open to objection in the United Kingdom, 
where high-phosphorus irons are widely used. There is a 
full section dealing with cupola melting. 

The section dealing with casting design should be of 
value to draughtsmen and engineers. 

From the point of view of the student, a valuable feature 
is the long list of references given at the end of each chapter, 
and, since this book is primarily intended for students in 
America, it is understandable that the bulk of the references 
are to American journals. The lack of references to Euro- 
pean literature is somewhat marked, and is a disadvantage 
from the point of view of students in Britain. Nevertheless, 
the book does cover a very wide range of information, which 
it would be difficult for a student to collect for himself from 
the published sources.—H. 'T. ANGus. 


Tue InstirutTe or Merats. “ The Constitutional Diagrams 


of Alloys. A Bibliography.” (Institute of Metals Monograph 
and Report Series, No. 2). Originally compiled by J. L. 
Haughton; second edition compiled by A. Prince.  8vo, 
pp. 324. London, 1956: The Institute. (Price 35s.). 

This bibliography is a revision of that prepared by 
Dr. J. L. Haughton and published by the Institute of 
Metals; it contains many new references which bring it up 
to date to the end of 1954, including a large number of 
references supplied by members of the Academy of Sciences 
of the U.S.S.R. The arrangement is, as in the earlier 
publication, by alphabetical order of the elements, so that 
the 140 references to the iron—-carbon diagram are to be 
found under “ C,” and it is necessary, on seeking for an 
alloy system, first to rearrange its components in this 
order; once this limitation is understood, the value of this 
very comprehensive work will be appreciated very easily. 


J.P. 8. 
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NEW PUBLICATIONS 


AMERICAN WELDING Society. “ Brazing Manual.” Prepared 
by Committee on Brazing and Soldering, American 
Welding Society. 8vo, pp. vii + 193. Illustrated. New 
York, 1955: Reinhold Publishing Corp.; London: Chap- 
man & Hall, Ltd. (Price 38s.). 

Baker, H. Wricut (Editor). ‘“*‘ Modern Workshop Techno- 
logy.” Part I. ‘‘ Materials and Processes.’’ Second 
edition, revised and enlarged. 8vo, viii + 511.  Illus- 
trated. London, 1956: Cleaver-Hume Press, Ltd. (Price 
35s.). 

Bennett, H. E. ‘ Noble Metal Thermocouples.” La. 8vo, 
pp. [ii +] 36. Illustrated. London, 1956: Johnson, 
Matthey & Co., Ltd. 

British IRON AND STEEL FEDERATION. “ Annual Report 
1955.” La. 4to, pp. 54. Illustrated. London, 1956: The 
Federation. 

British STANDARDS InstiTuTION. B.S. 2A.111, January, 
1956. ‘Cadmium Plated Steel Bolts (Unified Hexagons, 
Unified Threads and Close Tolerance Shanks) for Aircraft.” 
F’scap, pp. 8. Illustrated. London, 1956: The Institution. 
(Price 5s.). 

BRITISH STANDARDS INSTITUTION. B.S. 2633: 1956. ‘* Class I 
Metal-Arc Welding of Steel Pipelines and Pipe Assemblies 
for Carrying Fluids.” 8vo, pp. 69. Tllustrated. London, 
1956: The Institution. (Price 10s.). 

British STANDARDS InstTITUTION. B.S. 2A.104, January, 
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N. F. MOTT, M.A., D.Sc., F.R.S. 


PROFESSOR N. FE. MOTT was born in Leeds in tgog and was educated 
at Clifton College and St. John’s College, Cambridge. He studied in addition 
in Copenhagen and Gottingen, and atter holding teaching posts at Manchester 
University and at Cambridge was appointed to the Chair of Theoretical Physics 
at Bristol in 1933. During the war he worked in Anti-Aircratt Command, in 
the Army Operational Research Group, and in the Armament Research 
Establishment at kort Halstead, where he was Superintendent of Theoretical 
Research. In 1948 he succeeded Protessor Pyndall as Director of the H. HH. 
Wills Physical Laboratory of the University of Bristol, where he established a 
flourishing school of physics of the solid state which has to its credit the dis« Overy 
of the spiral mechanism of crystal growth, many advances in the dislocation 
theory of metals, and in the photo behaviour of ionic crystals under illumination. 


In 1964 he was appointed to the Cavendish Chair of Experimental Physics in the 


University of Cambridge. 


Professor Mott's early researches were on theoretical nuclear physics, 
on collision problems, and on applications of wave mechanics in the atomic 
held. Since his appointment at Bristol he has worked mainly on the theory 
of the electrical, magnetic, and mechanical properties of metals, on semi 
conductors, on corrosion problems, and on photographic emulsions, — He is the 
author or part author of several books on these subjects and of numerous papers 
in scientihe journals. He was elected a bellow of the Roval Society in 1g 36 
and has received the Hughes and Royal Medals of the So¢ ietv. In addition, he is 
an honorary doctor of the Universities of Louvain, Grenoble, Poitiers, Paris, 
and Bristol, and a corresponding member of the American Academy of Arts and 
Sciences and of the Royal Academy of Liege. He was in 1955 President of 
Section A of the British Association, is President of the Physical Society, and 
has been since 1951 President of the International Union of Pure and Applied 
Physics. Professor Mott's interest: in the international aspects of science is 
well known and is also marked by his holding olfice for the year 1954 55 as 


President of the Modern Languages Association, 


Protessor Mott is also interested in educational problems and is at present 


a member of the Central Advisory Council of the Ministry of Education. 


He presented the Ninth Hatfield Memorial Lecture on ** Fracture in 
Metals ’’ at the Annual General Meeting of The Iron and Steel Institute in 


5 


May, 1956. 











Professor N. F. Mott,-M.A., D.Sc., F.R.S. 
Hatfield Memorial Lecturer, 1956 
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